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Prey capture in orb weaving spiders: are we using the best metric?

Todd A. Blackledge; Department of Biology and Integrated Bioscience Program, University of Akron, Akron, Ohio

44325-3908, USA. E-mail: blackledge@uakron.edu

Abstract. Orb spiders are commonly used to study many ecological and behavioral questions, due in part to the ease of

working with their webs. The frequency distributions of prey captured by spiders are often compared among species or

individuals to search for evidence of competition, effects of experimental manipulations, etc. In most instances, smaller

insects are extremely common compared to larger prey, presenting a critical flaw in how such comparisons are analyzed

because natural selection acts upon web evolution through the biomass, rather than total number, of prey captured. The

“rare, large prey” hypothesis, developed for Zygiella x-notata (Clerk 1757), suggests that orb spiders derive the bulk of

their energy not from common prey, but rather from a small subset of the largest possible insects. If correct, then orb webs

should be designed to facilitate the capture of these insects, which are essential for spider fitness, even though they rarely fly

into webs. Here, I test the generality of the “rare, large prey” hypothesis by comparing the frequency and biomass of large

prey in 38 studies of the diets of 31 species of orb spiders in four different families. I define large prey as insects at least 66%
as long as the spiders capturing them. The 38 studies included both large and small species of spiders, living in both tropical

and temperate habitats. Large insects accounted for only 17% of the total number of prey captured by spiders, but

contributed 85% of the total consumable biomass. The “rare, large prey” hypothesis thus can apparently be generalized

across orb spiders. Future experiments need to account for the disproportionate influence of these large insects on spider

fitness and on how to effectively measure these rare events. More importantly, the “rare, large prey” hypothesis provides a

new framework in which to better understand variation in the web spinning behaviors of spiders.

Keywords: Foraging theory, optimal foraging, rare event, risk sensitivity, spider web

Orb weaving spiders are both important and convenient

study systems for many ecological and behavioral questions

(Eberhard 1990; Wise 1993; Foelix 1996; Vollrath & Selden

2007). The webs themselves make orb spiders particularly

amenable for study. Web architectures capture a variety of

behavioral decisions, made by spiders during the establish-

ment and spinning of webs, into physical structures that are

easily quantified and manipulated. Yet, there is little

consensus on how many features of orb webs influence

foraging success and ultimately fitness (Eberhard 1990;

Heiling & Herberstein 2000). The number and taxa of prey

captured by webs are often compared among sympatric

species of spiders to search for evidence of potential niche

partitioning (Brown 1981; Horton & Wise 1983; Nyffeler &
Sterling 1994) or adaptive radiation (Blackledge et al. 2003).

In most instances, differences in the numerical abundances of

prey are then used to infer how natural selection has shaped

web spinning behaviors. Only rarely is size considered (e.g..

Wise & Barata 1983).

However, there is a potentially critical flaw in such

comparisons. Natural selection acts upon foraging behaviors

only in so much as variation in those behaviors influences the

quantity or quality of offspring produced. Fecundity and

survival in spiders correlates directly with consumed biomass,

but simple comparisons of numbers of prey captured will be

very misleading if prey biomass itself does not scale directly

with numerical abundance (Miyashita 1992a; Tso and

Severinghaus 1998). For instance, an adaptive partitioning

of resources might be inferred between two species of spiders if

they differ in the frequency of small dipteran prey in their

diets, even though both species acquire the bulk of their energy

from the same, large prey items. Even when prey sizes are

directly measured, comparisons usually are made using

parametric statistics, such as mean mass, without considering

the potentially extreme importance of large outliers (Nentwig

1985). Venner and Casas (2005) provided an elegant demon-

stration of the importance of this perspective for the orb spider

Zygiella x-notata. They used field data on prey capture and

spider growth to show that reproduction depended primarily

on the capture of what they termed “rare, large prey”.

Subsequently Blackledge and Eliason (2007) tested the role of

capture spiral density, or “mesh width”, in Argiope aurantia

(Fabricius 1775) by removing every other row of the spiral

from an experimental group and then comparing the weight

gain of these spiders over the course of a single day of foraging

to that of control spiders with intact webs. They found no

difference in weight gain, suggesting that spiders were spinning

“suboptimally large amounts of sticky silk” in webs. Black-

ledge and Eliason explained this paradox through the presence

of large prey - the control group had three times more

wrapped prey remaining in webs at the end of the day. These

large insects represented half of the total consumable biomass

captured by spiders.

But, how general is the importance of exceptionally large

insects in spider diets? Prey density and size distribution vary

among habitats. Moreover, what constitutes a “large” prey to

one spider species versus another depends greatly on

interspecific variation in spider body size, which itself ranges

over 1.5 orders of magnitude among orb spiders (Blackledge et

al. 2009). I test here the generality of the “rare, large prey”

hypothesis across many taxa of orb spiders that occur in

diverse habitats and vary greatly in absolute spider body. I

then discuss some of the implications of the “rare, large prey”

hypothesis for how orb webs function and how spinning

behaviors evolved. In particular, the design of orb webs should

reflect the mechanical challenges presented by larger insects,

which may lead to counter-intuitive results. For instance,

given equivalent silk resources, smaller orb webs may function
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“better” than bigger webs at capturing larger insects if they are

spun from thicker, more tightly packed threads. Studies

relating variation in web architecture to prey capture must

therefore begin to integrate information about silk structure

and biomechanics if they are going to succeed in understand-

ing how spiders use orb webs to target specific prey (Harmer et

al. 2011).

METHODS
1 surveyed all of the reasonably obtainable literature on prey

capture by orb weaving spiders published since 1970, primarily

utilizing the ISI Web of Science database. I examined all

studies that included both quantification of the abundance of

different prey taxa and some measure of prey size - either

body mass or, more commonly, total body length. My goal

was to calculate both the numerical abundance and the total

biomass for different size classes of prey. In instances where

only prey length was recorded, I used the power relationship:

Mass = 0.022 * Length"'"*

to estimate total wet mass of insects from body length, or vice

versa for instances where only prey mass was recorded. Many
studies provide more precise equations describing how mass

and length scale for specific insect taxa in specific habitats

(e.g., Rogers et al. 1977; Sample et al. 1993), but the values I

use here represent the midrange of parameters for diverse

groups of insects estimated by Schoener (1980). I also repeated

the analysis with estimated mass scaling as a square and then a

cube with body length to assess the effects of extremes in these

scaling relationships. I ranked prey by body length using the

smallest bins possible for each study. This typically resulted in

— 10 size classes of prey, but sometimes as few a three or as

many as 29. I compare body lengths between prey and spiders

to determine which insects are “large” because studies often

cite only the total body lengths of spiders and because length

can be a more consistent indicator of spider size.

Spider size was either taken directly from the publication or,

if not stated, from the taxonomic literature for that species. I

excluded one study with appropriate prey data because it

specifically involved immature spiders for which no size data

were provided (Endo 1988). All included studies either

explicitly focused upon adult female spiders or were assumed

to do so because they did not otherwise specify information

about spider size or maturity. Focusing on adult females may
limit generality to other stages in ontogeny, but there was no a

priori reason to believe this, and my approach was consistent

with the focus of most studies on spider ecology and behavior.

Moreover, the size range among the adult females of different

species in this study was comparable to much of the range in

body size within any individual species during development.

I then computed the total number and the total biomass of

prey that were at least 66% as long as the spider for each

study. The choice of prey size equal or greater than 66% of the

spider’s length was arbitrary, but I also considered other

metrics such as the subset of largest prey that constituted 25%
of all biomass or the subset of prey that were at least equal to

the spider’s size. These other metrics gave qualitatively similar

results and were therefore not reported. I used nonparametric

statistical tests due to the highly skewed distributions of the

data.

RESULTS

Spider body length ranged from 5-26mm and included taxa

from four families (Araneidae, Nephilidae, Tetragnathidae &
Uloboridae). There was a slight bias toward three commonly
studied genera {Argiope Audouin 1826, Metepeira Cambridge

1903, and Nephila Leach 1815), but the dataset included 31

species in 18 genera for a total of 38 studies (Table 1).

The frequency of large prey and their contribution to the

biomass captured by orb spiders differed significantly (Fig. 1).

Large insects accounted for only 16.5% (8-25%, lower and

upper quartiles) of the total number of prey captured by

spiders, but larger insects contributed more than 84.5% (59-

91%, lower and upper quartiles) of the total consumable

biomass. Scaling body mass as only the square of body length

reduced the contribution of large insects to 76% while scaling

body mass as the cube of length increased the contribution of

large insects to 86%. Both the overwhelming contribution to

biomass by large prey and the relative rarity of large prey were

uncorrelated with spider body length (Fig. 2, Spearman Rank
Order Correlations at F < 0.05).

DISCUSSION

The “rare, large prey” hypothesis presents three challenges

for understanding spider orb web function. First, ecologists

should take care in how they interpret data from prey capture

surveys when most of the data they collect likely has little

impact upon spider fitness. Second, researchers need to

rethink how to design experiments to best quantify these rare

data. Finally, arachnologists should consider how natural

selection has shaped orb webs as traps for insects, because the

functional implications of evolutionary and behavioral vari-

ation in orb web architecture can only be understood by

integrating web geometry with knowledge of the structure and

biomechanics of silk threads.

Araneoid orb weaving spiders clearly obtain the bulk of

their energy from a subset of rare, large prey (Fig. 1).

Arbitrarily defined here as insects at least 66% the length of

spiders, large prey account for fewer than 17% of all insects

captured but contribute 85% of the biomass captured. While

not unbiased in focal species, the diversity of studies in this

meta-analysis suggests that the “rare, large prey” hypothesis,

first explicitly tested by Venner and Casas (2005) and hinted at

by earlier studies (e.g., Brown 1981; Miyashita 1992a;

Miyashita & Shinkai 1995), is generalizeable for most orb

weaving spiders. Its importance for other spiders such as

cursorial hunting RTA clade species or three-dimensional web

builders remains to be tested (but see Fritz and Morse 1985).

However, it is plausible given the ability of most spiders to

consume exceptionally large insects in single meals (Foelix

1996). While the tremendous diversity of orb weaving spiders

and their web spinning behaviors virtually guarantees

exceptions, the “rare, large prey” hypothesis presents three

important challenges for understanding the foraging behaviors

of most orb spiders.

The first challenge involves using prey capture to infer

fitness consequences, as is often done by comparing numerical

lists of prey captured by different spiders to infer functional

differences in orb webs (see reviews in Eberhard 1990; Wise

1993). Such lists are easily compiled and handled statistically,

and spider fecundity is clearly limited by food intake (see
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Table !
.—Species from which prey data were obtained.

Species

Body length

(mm) Habitat, country

Total number

of prey Source

Araneidae

Aculepeira ceropegia (Walckenaer 1802) 11.5 Fields, France 58 Pasquet & Leborgne 1990

Agakmatea redii (Scopoli 1763) 7.5 Fields, France 110 Pasquet & Leborgne 1990

Araneus cavaticus (Keyserling 1881) 17.5 Cliffs, USA n.a. Riechert & Cady 1983

Araneus dkidematus Clerk 1757 9 n.a., England 1432 Walker 1992

Araneus marmoreus Clerk 1757 12 Fields, France 27 Pasquet & Leborgne 1990

Argiope amoena L. Koch 1878 25 Orchard, Japan 387 Murakami 1983

Argiope argentata (Fabricius 1775) 12 Tropical grassland, Panama 3202 Nentwig 1985

Argiope argentata 12 Tropical grassland, Panama 4672 Robinson & Robinson 1970

Argiope aurantia' Lucas 1833 19.5 Grassy field, USA 44 Nyffeler et al. 1987

Argiope aurantia^ 19.5 Cotton field, USA 190 Nyffeler et al. 1987

Argiope aurantia 19.5 Field, USA 270 Blackledge & Wenzel 1999

Argiope bruennichi (Scopoli 1772) 15.5 Field, France 16 Pasquet & Leborgne 1990

Argiope savignyi Levi 1968 10 Tropical grassland, Panama 287 Nentwig 1985

Argiope trifasciata (Forsska! 1775) 17.5 Fields, USA 113 Brown 1981

Cyclosa argenteoalba Bosenberg &
Strand 1906 4^ Forest, Japan 90 Miyashita 1997

Cyclosa octotuberculata Karsch 1879 4- Forest, Japan 76 Miyashita 1997

Cyclosa sedecidata Karsch 1879 4^ Forest, Japan 64 Miyashita 1997

Eriophora fuliginea (C.L. Koch 1838) 22 Tropical forest, Panama 2632 Nentwig 1985

Gasteracantha cancriformis (Linnaeus

1758) 10 Forest, Japan 66 Yoshida 1989a

Larinioides cornutus (Clerk 1757) 10.3 Riparian, Slovakia 705 Prokop 2005

Mecynogea lemniscata (Walckenaer

1841) 8.3 Forest, USA 95 Wise & Barata 1983

Metepeira incrassata F.O. Pickard-

Cambridge 1903 7 Plantation, Mexico 617^ Uetz 1989

Metepeira incrassata 7 Plantation, Mexico 296^ Rayor & Uetz 1990

Metepeira labyrinthea (Flentz 1847) 6.3 Forest, USA 95 Wise & Barata 1983

Metepeira spinipes F.O. Pickard-

Cambridge 1903 7 Forest/Field, Mexico 93-^ Uetz 1989

Micrathena gracilis (Walckenaer 1805) 8.5 Forest, USA 118 Uetz & Hartsock 1987

Zygiella x-notata (Clerck 1757) 6.5 Buildings, France 376 Venner & Casas 2005

Zygielki x~notata 4 n.a., England 1232 Walker 1992

Nephilidae

Nephila clavata L. Koch 1878 25 Forest, Japan 128 Miyashita 1992b

Nephila clavipes^ (Linnaeus 1767) 26 Forest, Mexico 49 Hodge & Uetz 1992

Nephila clavipes 26 Scrubland, USA 147 Higgins 1987

Nephila clavipes 26 Tropical forest, Panama 5443 Nentwig 1985

Tetragnathidae

Meta reticuloides Yaginuma 1958 7.5 Cliffs, Japan 142 Yoshida 1990

Metleucauge kompirensis (Bosenberg &
Strand 1906) 11.8^ Riparian, Japan 105 Yoshida 1989b

Metleucauge yunohamensis (Bosenberg &
Strand 1906) 9.3® Riparian, Japan 25 Yoshida 1989b

Tetragnatha laboriosa Hentz 1850 7.1 Soybean field, USA 72 LeSar & Unzicker 1978

Uloboridae

Octonoba sybotides^ (Bosenberg &
Strand 1906) 7 Botanical garden, Japan 177 Watanabe 2001

Philoponella republican (Simon 1891) 5 Tropical forest, Peru 343 Binford & Rypstra 1992

Superscripts:

‘ Mean lengths of each taxon used;

^ Only large spider data included;
^ Only data from prey impacting the first web were used;

Only data from webs on periphery of colony included;
^ Only solitary individuals from first year of study included;
^ Average for range of body lengths given in the study;
’’

Only spiders in the “abundant prey” category included, n. a. = not available in the publication.
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10 20 30 40 50 60 70 80 90

% of diet

Figure 1.—Comparison of the relative frequency and biomass of

larger prey in spider diets (« = 38 studies). Large prey are defined as

insects at least 66% of the body length of the spider capturing them.

Both the number of large insects (white) and the biomass of large

insects (black) are presented.

summary in Wise 1993). However, the conclusions from these

comparisons can be quite misleading when most of the

observed insects are relatively small and contribute very little

energy to spiders, because they numerically dominate statis-

tical tests. Studies of how orb webs mediate competition

among sympatric species or of adaptive variation in web
architecture should instead focus on the prey that ultimately

determine variation in spider fitness. Simply put, niche

partitioning may not have occurred if two species of spiders

differ in the capture of 85% of all insects, but both obtain most

of their energy from the same few taxa of rare large prey.

Alternatively, including all prey in a statistical analysis might

obscure meaningful differences in the types and capture of

rare, large prey when such insects are treated as little more
than statistical outliers. Finally, manipulating web architec-

ture might not result in detectable differences in the number of

prey captured, but still substantively influence the sizes of the

very largest prey captured and hence play a major role in

determining foraging success (e.g., Blackledge & Eliason

2007). One potentially critical exception arises if spider fitness

is limited less by prey biomass than by nutrient composition of

specific prey (Mayntz & Toft 2001). In such cases small prey

may still be critical for fitness despite their minor contribution

to biomass. Regardless, simple comparison of prey numbers
among orb spiders can clearly mislead.

The generality of the “rare, large prey” hypothesis presents

a second major empirical challenge. How do researchers study

rare events that they are unlikely to observe over the short

time-frames of most field studies? Numbers of prey capture

events in this meta-analysis ranged from 16-5443 (median =

128) and roughly correlated with the amount of time spent

observing spiders. The lowest and the highest values for both

metrics of prey capture (frequency and biomass) occurred in

studies within the lowest third of sampling effort. Indeed, large

prey were numerically common (> 50% of events) only in three

studies, all of which were among the “lowest sampled”. The
stochasticity of the capture of rare, large prey means that they

are likely difficult or impossible to study in experiments with

low sampling effort. Ideally, researchers should increase their

sampling efforts in the field and consider applying resampling

techniques designed to assess the importance of unobserved

rare events, similar to those employed in studies of species

richness and biodiversity (e.g., Colwell & Coddington 1994;

Scharff et al. 2003), to determine the amount of sampling effort

necessary to accurately characterize spider diets.

Finally, arachnologists debate the role of web architecture

in determining prey selectivity of orb spiders (e.g., Nentwig

1983; Eberhard 1986; Herberstein & Heiling 1998; Blackledge

& Eliason 2007). Much of this theory rests on the assumption

that all, or at least most, prey captured by spiders are of

relatively equivalent value for fitness. However, the “rare,

large prey” hypothesis argues that natural selection places a

premium on the capacity for webs to facilitate the capture of

relatively large, rather than abundant, insects. One could

argue that the pattern of data presented here might result

solely from skew in the size and abundance distribution of

insects in the environment. However, this could only be true if

orb webs have not been shaped by natural selection for their

prey capture function. Moreover, orb webs do not act as

passive filters of insects, sampling prey in direct proportion to

their abundance in the environment, as refuted by many
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comparisons of insect availability to their abundance in spider

diets (e.g., Nentwig 1983; Nentwig 1985; Walker 1992;

Blackledge et al. 2003). Instead, the design of spider orb webs

should reflect, in part, selectivity for larger insects. Thus, the

potential fitness consequences of variation in orb web

architecture can only be interpreted by considering how webs

function in the capture of this very challenging subset of prey.

Moreover, those fitness consequences can be neither intuited

nor tested without also considering variation in the structural,

and potentially even material, properties of silk threads. For

instance, female gigantism occurs commonly among orb

spiders (Hormiga et al. 2000). Evolution of increased body

size is repeatedly associated with both behavioral shifts in web
spinning and changes in silk biomechanics that improve the

stopping potential of these webs compared to smaller species

(Agnarsson & Blackledge 2009; Sensenig et al. 2010). This

concerted pattern of coevolution between behaviors and

biomaterials suggests that capture of large prey becomes

increasingly difficult as spider body size evolves larger.

I conclude with one hypothetical example with clear

relevance to the growing interest in the literature on intra-

individual behavioral and biomaterial plasticity during web

spinning (e.g., (Sherman 1994; Heiling & Herberstein 2000;

Tso et al. 2005; Tso et al. 2007; Boutry & Blackledge 2008).

Does a bigger web indicate increased foraging effort? Many
studies suggest yes, arguing that larger capture areas or longer

lengths of threads result in higher rates of prey capture

(Eberhard 1986; Sherman 1994; Venner & Casas 2005), at least

up to some upper limit (Higgins and Buskirk 1992). Clearly, if

a spider builds a smaller web, then that web should intercept

fewer insects compared to a bigger web, but that smaller web
could ultimately result in more biomass of prey for the web
owner if spun from thicker or more tightly packed silk threads

that more effectively stop and retain larger insects, especially if

these properties do not change linearly with variation in web
geometry (e.g., Blackledge & Eliason 2007). Thus, by one

metric, number of total prey, spreading silk resources into

larger webs is better, while a second metric, total biomass,

suggests the opposite. In general, the later metric is more likely

to play a decisive role in determining fitness.

Alternatively, neither web type might be “best”. The closer

relevance of prey biomass to spider fitness suggests that

smaller webs are better, so why would spiders increase web
size? First, in situations where large prey are easily captured

and abundant (such as emergences of weakly flying mayflies or

reproductive termites), then biomass intake may be deter-

mined more by the number of insects flying into a web than by

variation in how effectively the web can dissipate their flight

energy (Sandoval 1994). Second, the value of common, low

biomass prey for fitness should change with the physiological

status of web builders. Energetically stressed spiders, nearer

starvation, gain the most fitness from smaller, easily captured

insects that might provide just enough biomass to prevent

starvation (Venner and Casas 2005). Such spiders therefore

benefit more from spinning webs that maximize capture of

smaller prey by focusing more on increasing the interception

potentials of webs. In contrast, sated spiders gain little fitness

from such prey and can instead afford to spin webs that are

superior at capturing large prey through increased stopping

power, even if their rarity nets the web owner very few

209

interceptions (see also Miyashita 1992a). Thus, the “rare, large

prey” hypothesis also provides a framework to better

understand plasticity in the web spinning behaviors of spiders.
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Abstract. For over 100 years, Eugene Simon’s system of pholcid classification has been used with only minor

modifications. Phylogenetic research over the last decade has shown that some fundamental changes are necessary if the

formal system is to reflect putative evolutionary relationships. Based on cladistic analyses of morphological and molecular

data and on qualitative character assessment, the family is here divided into five subfamilies; Ninetinae, Arteminae,

Modisiminae, Smeringopinae, and Pholcinae. All currently valid genera are placed in a cladogram. Even though the

evidence supporting some of the nodes and assignments is weak, the cladogram generates numerous testable hypotheses

and provides an improved framework for the mapping of ‘new’ characters like those from sperm ultrastructure and

chromosome analysis.
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When Simon (1893) presented the first classification of

Pholcidae, he did so in the Linnaean tradition, with similarity

as the main grouping criterion. His system (Table 1 )
proved to

be useful as a means to organize information, and for over

100 years it was used with only minor modifications. New
genera were added, some genera were shifted to other groups,

and some of Simon’s groups were merged, but judging from

our current view of pholcid phylogeny, the two major updates

by Petrunkevitch (1928) and Mello-Leitao (1946) were quite

obviously based on a poorer understanding of the family than

Simon’s original system (a view already expressed by Brignoli

1972a, 1972b, 1980).

The first phylogenetic analysis of the family (in Huber 2000)

indicated that some of Simon’s groups were very likely not

monophyletic, but for several reasons I hesitated to present a

new formal system because: 1) some of the major clades did not

seem well supported (e.g., ninetines, holocnemines); 2) the taxon

sample of some major groups was inadequate (especially true

for Old World taxa); and 3) forthcoming projects were likely to

result in further changes to our understanding of pholcid

phylogeny. I thus decided to use provisional, informal names
such as “ninetines”, “holocnemines”, “New World clade”, and

“pholcines” rather than formal subfamily names (Huber 2000).

Since 2000, several further phylogenetic analyses have been

published, using both morphological and molecular data (Astrin

et al. 2007; Bruvo-Madaric et al. 2005; Huber 2001, 2003a,

2003b, 2003c, 2005a, 2005b, 2007). Even though many of the

same reasons that prevented me from publishing a formal system

in 2000 could still be invoked, it appears justified to present the

systematic status quo after a decade of phylogenetic work on the

family Pholcidae. Some major clades now appear well supported

and likely to be stable, and most genera can be placed with some
confidence into one of these groups. The current paper is thus an

attempt to summarize, update, and formalize the subfamily-level

classification of the Pholcidae. However, the system below is a

working hypothesis, and ongoing projects justify the hope that it

will not last as long as Simon’s.

METHODS
The phylogenetic hypothesis presented below is mainly

derived from two sources: 1) cladistic analyses of the entire

family or of subgroups of Pholcidae (Astrin et al. 2007; Bruvo-

Madaric et al. 2005; Huber 2000, 2001, 2003a, 2003b, 2003c,

2005a, 2005b, 2007; Huber in press on Pholcus Walckenaer

1805 and close relatives); and 2) qualitative assessment of

particular characters (e.g., tarsus 4 comb-hairs: Huber &
Fleckenstein 2008). Since the aim is to present a hypothesis for

the placement of all named genera, a supertree or supermatrix

approach was not feasible; too many genera have never been

included in any cladistic analysis, and some genera are

extremely poorly known (e.g., some monotypic Venezuelan

genera recently described by Gonzalez-Sponga 1998, 2003,

2009). As a result, no meaningful branch support values can

be given that are comparable across the entire tree. Instead,

the support for each node is presented and discussed

separately, using admittedly subjective and qualitative judg-

ments, though in a manner that is hopefully transparent and

traceable.

The subfamily names presented below are mostly taken

from Simon’s (1893) system, even though Simon recognized

only two subfamilies: Ninetidinae and Pholcinae (Table 1).

However, the latter subfamily was divided into seven

subgroups, and four of these family-group names are here

elevated to subfamily rank. Thus, the Pholcinae as delimited

herein is much narrower in scope than Simon’s Pholcinae, but

it is also very different to his Pholceae. The same is true of

most other subfamilies. Only Ninetinae are fully congruent in

both systems, but this is simply due to the fact that Simon’s

(1893) Ninetidinae was monotypic.

CLASSIFICATION

Family Pholcidae C.L. Koch 1850

The monophyly of Pholcidae has never been seriously

questioned, and a good number of characters are both

synapomorphic and useful for easy diagnosis (Huber 2000).

The male pedipalp is usually heavily modified, including even

the proximal segments (Figs. 3-7). A process of the palpal

tarsus (the ‘procursus’) occurs in almost all species (p in

Figs. 3-7). The male chelicerae are also usually modified

(Fig. 2), and these modifications are functionally related to

modifications of the female external genitalia (Huber 1994,
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Table 1.—Eugene Simon’s (1893) scheme of classification for the

Pholcidae. * Blechroscelis has been synonymized with Priscula (Huber

2000); Hedvpsilus has been synonymized with Modisimus (Huber

1996b).

Higher taxa Included genera

Pholcidae

Ninetidinae Ninetis Simon 1890

Pholcinae

Artemeae Artema Walckenaer 1837

Pholceae Physocyclus Simon 1893, Pholcus

Walckenaer 1805, Holocnemus Simon

1875, Spermophora Hentz 1841,

Metagonia Simon 1893

Leptopholceae Leptopholcus Simon 1893, Micromerys

Bradley 1877

Smeringopodeae Smeringopus Simon 1890, Uthina Simon

1893, Crossopriza Simon 1893

Prisculeae Priscula Simon 1893

Blechrosceleae Mecolaesthus Simon 1893, Psilochorus

Simon 1893, Coryssocnemis Simon 1893,

Blechroscelis Simon 1893*, Litoporus

Simon 1893, Systenita Simon 1893

Modisimeae Modisimus Simon 1893, Hedypsilus Simon
1893*

1995, 1997a, 1998, 2002). The latter are often sculptured and

more or less sclerotised externally, resulting in an epigynum

that has evolved independently of the entelegyne epigynum

(and that is functionally related to the male chelicerae rather

than to the male pedipalp as in Entelegynae). Other putative

synapomorphies are the high clypeus (Figs. 8, 9), the

arrangement of eyes (two triads separate from the anterior

median eyes - the latter may be absent; Figs. 8-11), three

trichobothria on the leg tibiae, tarsal pseudosegments, comb-
hairs on the fourth tarsi (Figs. 12, 13), and egg sacs carried by

females with their chelicerae.

Subfamily Ninetinae Simon 1890

Type genus.

—

Ninetis Simon 1890 (by monotypy).

Ninetinae: Simon 1890:93.

Ninetidinae: Simon 1893:486. Even though this is the

grammatically correct spelling, the elided original form is

in prevailing use and is maintained in accordance with

Article 29.3.1.1 of the International Code of Zoological

Nomenclature (International Commission on Zoological

Nomenclature 1999).

The monophyly of Ninetinae is supported by two putative

morphological synapomorphies (Huber 2000): a narrow

opening of the capsulate tarsal organ (compare Figs. 17 and

18) and a relatively distal position of the retrolateral

trichobothrium on the leg tibiae (beyond 45% of tibia length).

The compact ocular area with the anterior median eyes in a

very high position (sometimes even above the anterior lateral

eyes; Fig. 9) might be a further synapomorphy. Short legs

(male tibia 1 only up to 2.5 X carapace width) are typical for

ninetines, but this is possibly the plesiomorphic pholcid

condition. Molecular data have so far supported the

monophyly of ninetines, but the sample of both taxa (three

species) and genes is still inadequate (Astrin et al. 2007).

Ninetines may indeed be sister to all other pholcids (as implied

in Simon’s 1893 system), but phylogenetic support for the

latter clade (clade la in Fig. 1) is weak and ambiguous: a wide

sternum and long legs may be morphological synapomorphies;

molecular support is also weak (Bruvo-Madaric et al. 2005;

Astrin et al. 2007).

Within ninetines, the genera in clade 2a share a long spine-

like process on the male palpal bulb (Huber 2000: figs. 321,

335); the genera in clade 2b share reduced epiandrous spigots

and an exposed tarsal organ (a character combination

reminiscent of Modisiminae: Figs. 19, 22; Huber 2000; Huber
& El Hennawy 2007); the genera in clade 2c share a large

dorsal flap on the procursus (Huber 2000: figs. 374, 383); the

genera in clade 2d share a long procursus with characteristic

proximal course (Huber 2000: figs. 353, 360); the genera in

clade 2e share a simplified (or even reduced) procursus (Huber

2000: figs. 437, 454, 466). The significance of frontal humps on

the male sternum is dubious; they occur in various Ninetinae

but also in Modisiminae (Huber 2000).

Ninetinae currently includes 42 species in 16 genera. These

numbers suggest relatively high genus-level diversity but a lack

of major radiations. Most ninetines are tiny spiders that live

close to the ground, in plant debris and under rocks. They are

largely restricted to semiarid regions (Huber & Brescovit

2003), but almost nothing is known about their biology. The
highest diversity occurs in the New World (Fig. 24), with only

Ninetis and Nita widespread in Africa and the Middle East.

The Malaysian Mystes Bristowe 1938 is a dubious monotypic

genus based on a single female specimen. Aucana kaala Huber
2000 from New Caledonia is the only representative of the

genus outside Chile.

Composition: Aucana Huber 2000; Chisosa Huber 2000;

Enetea Huber 2000; Galapa Huber 2000; Gertschiola Brignoli

1981; Guaranita Huber 2000; Ibotyporanga Meilo-Leitao 1944;

Kambiwa Huber 2000; Mystes Bristowe 1938; Nerudia Huber

2000; Ninetis Simon 1890; Nita Huber & El Hennawy 2007;

Papiamenta Huber 2000; Phokophora Banks 1896; Serrato-

chorus Wunderlich 1988; Tolteca Huber 2000.

Subfamily Arteminae Simon 1893

Type genus.

—

Artema Walckenaer 1837 (by monotypy).

Artemeae: Simon 1893:463.

The only known morphological synapomorphy of Arteminae

is a pair of distinctive structures on the male procursus: a dorsal

apophysis and a ventral pocket (Fig. 6). In Physocyclus

globosus (Taczanowski 1874), the function of these structures

has been studied in some detail: during copulation, the

apophysis of one procursus is lodged in the pocket of the other

procursus, resulting in asymmetric insertion of the procursi

(Huber & Eberhard 1997). Molecular data also tend to group

the three artemine genera sequenced so far (Bruvo-Madaric et

al. 2005; Astrin et al. 2007). Arteminae may be sister to

Modisiminae (clade lb in Fig. 1), but this relationship was only

supported by a combined analysis of molecular and morpho-

logical data in Bruvo-Madaric et al. (2005). The reduction of

epiandrous spigots and molecular data suggest that the two

genera in clade 3a are more closely related to each other than

both are to Artema (Huber 2001; Bruvo-Madaric et al. 2005).

Arteminae currently includes 64 species in 5 genera, with the

large majority of species in the genera Physocyclus Simon 1893
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Mecolaesthus
Carbonaria
Venezuela
Maimire
Nasuta
Litoporus
Tonoro

f Carapoia
Mesabolivar

Smeringopina
Stygopnolcus
Ceratopholcus
Cenemus
Hoplopholcus
Smenngopus
Crossopnza
Holocnemus

r Zatavua
^ Nyikoa

Paraspermophora
Anansus
Khorata
Savarna
Metagonia
Spermophora
Aetana
Wanniyala
Paramicfomerys
‘Spermophora
Spermophorides
Buitinga
Belisana
Quamtana
Micropholcus
Pehrforsskalia
Ossinissa
Uthina
Calapnita
Pholcus
Paniange
Leplopnolcus
Micromerys

Figure 1.—Proposed dadogram for the family Pholcidae, with all currently valid genera included. Numbered nodes are discussed in the text.



Figures 2-7.—Chelicerae and pedipalps, illustrating important pholcid characters (p: procursus; ta; trochanter apophysis). 2. Male chelicerae

with frontal and lateral apophyses (la) {Phokus quinquenotatus). 3. Pedipalp with dorsal attachment of bulb (b) to tarsus (Buitinga kadogo). 4.

Pedipalp with distinct sclerite (arrow) between tarsus and bulb (b) (Phokus quinquenotatus). 5. Pedipalp with coxa apophysis (ca) and pointed

and upward projecting femoral apophysis (fa) (Tupigea penedo). 6. Pedipalp with procursus provided with dorsal apophysis (ap) and ventral

pocket (po) (Trkhocyclus arawari). 1. Pedipalp with shifted tibia-tarsus joints (arrows; compare with Fig. 4) (Zatavua zanahary). From Huber

2001, 2003a, 2003b, in press, Huber & Rheims 2011.

and Trkhocyclus Simon 1908. Most Arteminae are relatively

large spiders with long, strong legs and high globose

abdomens. Just like Ninetinae, they often occur in rather

dry regions, sometimes even in deserts, like the Australian

Trkhocyclus. The biology of the pantropical Physocyclus

globosus and its close relative P. dugesi Simon 1893 has been

studied in some detail (Eberhard 1992a; Eberhard et al. 1993;

Huber 1996a; Huber & Eberhard 1997; Peretti et al. 2006).
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Figures 8-23.—Scanning electron micrographs illustrating important pholcid characters. 8, 9. Prosomata, frontal views, showing eye

arrangement and high clypeus (8, Pholcus bourgini; 9, Ninetis subtilissima). 10. Ocular area and thoracic pit (arrow) in Crossopriza cylindrogaster.

11. Ocular area of Tupigea teresopolis, showing reduction of anterior median eyes. 12, 13. Comb-hairs on the fourth tarsi, complex (12) and

simple (13) types (12, Belisana ketambe\ 13, Pholcus chattoni). 14, 15. Anterior lateral spinnerets, with complete (14) and reduced (15) set of

spigots (14, Pholcus lampertr, 15, Calapnita saliumg). 16. Vertical hairs in high density on the femur of Modisimus pcdvet. 17-19. Palpal tarsal

organs, ‘normal’ capsulate type (17), ninetine type with small opening (18), and exposed type (19) (17, Belisana hornugah 18, Ninetis subtilissinui;

19, Tainonia serripes). 20. Serrated tip of male palpal trochanter apophysis (Leptopholcus dehakkeri). 21, 22. Male gonopores, with and without

epiandrous spigots (21, Leptopholcus gracilis; 22, Tupigea angelim). 23. Epigynum with knob-like structure (arrow) (Pholcus kwamgitnu). From
Huber 2005a, 2009, in press, Huber & Rheims 201 1, Huber et al. 2010, Huber & van Harten 2001.
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Physocydus is the only New World genus in Arteminae; the

other genera occur in Asia and Australia (Fig. 25). With the

exception of two pantropical, synanthropic species {P.

ghbosus, Artema atlanta Walckenaer 1837) Arteminae seems

to be absent from South America and Africa.

Composition: Artema Walckenaer 1837; Holocneminus

Berland 1942; Physocydus Simon 1893; Tibetia Zhang, Zhu
& Song 2006; Trichocydus Simon 1908.

Subfamily Modisiminae Simon 1893

Type genus,—Modisimus Simon 1893 (by subsequent

designation—herein).

Modisimeae: Simon 1893:484.

“New World clade”: Huber 2000:36.

The monophyly of Modisiminae sensu stricto (clade 4b in

Fig. 1) is well supported by the presence of a retrolateral

apophysis on the male palpal coxa (Fig. 5) that stabilizes the

palp in its rotated position at the onset of copulation (Huber

1998, 2000) and by the reduction of epiandrous spigots

(compare Figs. 21 and 22). Molecular data also support the

monophyly of this core group of genera (Bmvo-Madaric et al.

2005; Astrin et al. 2007). The Australian Wugigarra Huber 2001

shares with taxa in clade 4b the reduction of piriform gland

spigots on the anterior lateral spinnerets (as shown in Fig. 15 for

a representative of Pholcinae; Huber 2001), but its phylogenetic

position is dubious. Species of Wugigarra share with Arteminae

the distinctive procursus modifications mentioned above (cf.

Fig. 6); molecular data are not yet available for Wugigarra.

Priscula Simon 1893 shares with Wugigarra and Modisiminae

sensu stricto an exposed tarsal organ (Fig. 19) and a large

distance between the anterior lateral and posterior median eyes

(> 0.55 X diameter of posterior median eyes). Molecular data

have either suggested a weak affinity of Priscula to Modisiminae

sensu stricto or an unresolved basal position (Astrin et al. 2007).

Relationships within Modisiminae have proven difficult to

resolve. Some genera (clade 4c; the “Modisimus group” sensu

Huber 1998) share a distinctively shaped apophysis on the

Figure 25.—Known distribution of Arteminae. The synanthropic Physocydus ghbosus and Artema atlanta have pantropical distributions and

are excluded. Holocneminus piritarsis Berland 1942 is widely distributed in the Pacific, probably as a result of human transport. The South

American Physocydus viridis Mello-Leitao 1940 is considered misplaced.
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Figure 26.—Known distribution of Modisiminae. The synanthropic Modisinms culicinm (pantropical) and Psilochonis simoni (introduced to

Europe and New Zealand) are excluded.

male palpal femur (pointed and upward projecting) (Fig. 5;

Huber 1998, 2000), but molecular data have so far not

supported the monophyly of this taxon (Huber & Astrin

2009). Within this clade, some genera (clade 4d) share short

vertical hairs in high density on the male leg tibiae and/or

femora (Fig. 16; Huber 2000). Such hairs also occur in the two

genera in clade 4h, a group that is otherwise only supported by

superficial similarity (as are taxa in clade 4e). Clade 4f includes

mostly Venezuelan genera that share an apophysis on the male

palpal femur that is directed towards proximal (or away from

the femur at a right angle; Huber 2000: figs. 989, 1016, 1066).

The morphological and ecological diversity within this group

is remarkable and explains the considerable number of genera

described by Simon (1893) after his expedition to Venezuela in

1887-1888 (Levi 1964). Recently, the situation in this clade has

been complicated further by the description of numerous
monotypic genera by Gonzalez-Sponga (1998, 2003, 2009).

Finally, a close relationship between the genera in clade 4g is

suggested by molecular data (Astrin et al. 2007).

Modisiminae currently includes 402 species in 33 genera. It

is one of the two largest subfamilies of Pholcidae, with several

very species-rich genera (e.g., Anopsicus Chamberlin & Ivie

1938, Psilochorus Simon 1893, Modisimus, Mesabotivar

Gonzalez-Sponga 1998) and many undescribed species.

Modisiminae are the typical pholcids of the humid Neotrop-

ics, where they occupy a wide variety of microhabitats from

leaf litter to tree canopies. The ecological variety is paralleled

by a wide range of body forms, from tiny leaf- and litter-

dwelling forms to some of the largest pholcids with leg spans

of over 15 cm (Huber & Astrin 2009). Basic biological data

and some details about sexual behavior have been studied in a

number of species (Briceno 1985; Eberhard 1992b; Eberhard

& Briceno 1983, 1985; Fiirst & Blandenier 1993; Huber 1994,

1996b, 1997b, 1998, 2005c). With the exception of the

dubious Wugigarra (see above) and two synanthropic species

(Modisimus culicinus [Simon 1893]; Psilochorus simoni [Bor-

land 1911]), Modisiminae is restricted to the New World
(Fig. 26).

Composition: Anopsicus Chamberlin & Ivie 1938; Aymaria

Huber 2000; Blancoa Huber 2000; Canaima Huber 2000;

Carapoia Gonzalez-Sponga 1998; Carbonaria Gonzalez-

Sponga 2009; Chibchea Huber 2000; Ciboneya Perez 2001;

Coryssocnemis Simon 1893; Ixchela Huber 2000; Litoporus

Simon 1893; Maimire Gonzalez-Sponga 2009; Mecolaesthus

Simon 1893; Mesabolivar Gonzalez-Sponga 1998; Modisimus

Simon 1893; Nasuta Gonzalez-Sponga 2009; Otavaloa Huber

2000; Pisaboa Huber 2000; Platnicknia Ozdikmen & Demir

2009; Pomboa Huber 2000; Priscula Simon 1893; Psilochorus

Simon 1893; Queliceria Gonzalez-Sponga 2003; Sanluisi

Gonzalez-Sponga 2003; Stenosfemuraia Gonzalez-Sponga

1998; Systenita Simon 1893; Tainonia Huber 2000; Teuia

Huber 2000; Tonoro Gonzalez-Sponga 2009; Tupigea Huber

2000; Venezuela Kogak & Kemal 2008; Waunana Huber 2000;

Wugigarra Huber 2001.

Subfamily Smeringopinae Simon 1893

Type genus.

—

Smeringopus Simon 1890 (by subsequent

designation—herein).

Smeringopodeae Simon 1893:474.

‘'Holocnemus-group": Timm 1976:70.

The monophyly of Smeringopinae is weakly supported by

the presence of a large thoracic pit on the carapace (Fig. 10;

rather than a narrow furrow or an evenly domed carapace as

in Figs. 8, 9, II). Molecular data have partly supported the

monophyly of the taxa sequenced (Bruvo-Madaric et al. 2005),

and partly they have suggested rather obscure relationships,

casting doubt on the sequences or on the usefulness of the

molecular markers more than on the relationships suggested

by morphology (e.g., the position of Holocnemus among
Ninetinae in Astrin et al. 2007). Molecular data have

consistently tended to suggest a close relationship between

Smeringopinae and Pholcinae (clade Ic in Fig. 1), and such a

relationship is also supported by the distribution of comb-
hairs on the fourth tarsus (over the entire tarsus length rather

than restricted to the tarsus tip: Huber & Fleckenstein 2008).
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Figure 27.—Known distribution of Smeringopinae. The synan-

thropic Crossopriza lyoni, Smeringopus pcdlidus and Holocnemus

pluchei have worldwide distributions and are excluded.

Within Smeringopinae, some genera (clade 5a) share web
ornaments made of numerous small silk balls (not all

individuals within a species make these silk balls, but the

exact conditions under which web ornaments are built are

controversial: Hajer & Rehakova 2003; Japyassu & Macagnan
2004; B.A. Huber unpubl. observ.), and within this group the

genera in clade 5b share spotted legs.

With 56 species in eight genera, Smeringopinae is a rather

small subfamily, and Smeringopus is currently the only genus

with more than ten named species. Like Ninetinae and

Arteminae, Smeringopinae are often found in rather arid

regions. Three species are widespread synanthropes {Smer-

ingopus pallidus [Blackwall 1858], Crossopriza lyoni [Blackwal!

1867], Holocnemus pluchei [Scopoli 1763]), and most of what

we know about the biology of Smeringopinae relates to one of

these three species (Jackson 1992a, 1992b; Jackson et al. 1992,

1993; Huber 1995; Jakob 1991, 1994, 2004; Jakob & Dingle

1990; Blanchong et al. 1995; Raster & Jakob 1997; Sedey &
Jakob 1998; Johnson & Jakob 1999; Jakob et al. 2000;

Strickman et al 1997; Calbacho-Rosa et al. 2010; = for other

species see Senglet 2001; Hajer & Rehakova 2003; Huber
2009). The original distribution of the subfamily is Africa, the

Mediterranean, and the Middle East (Fig. 27).

Composition: Cenemus Saaristo 2001; Ceratopholcus

Spassky 1934; Crossopriza Simon 1893; Holocnemus Simon

1875; Hoplopholcus Kulczynski 1908; Smeringopina Kraus

1957; Smeringopus Simon 1890; Stygopholcus Kratochvil 1932.

Subfamily Pholcinae C.L. Koch 1850

Type genus .—Pholcus Walckenaer 1805 (by monotypy).

Pholcidae: C. L. Koch 1850:31 (International Code of

Zoological Nomenclature, Article 36: Principle of Coordi-

nation; International Commission on Zoological Nomen-
clature 1999).

“P/zo/cM5-group”: Huber 1995:298.

The monophyly of Pholcinae is well supported by
morphological and molecular data. Male chelicerae usually

are provided with a pair of proximal lateral apophyses

(Fig. 2). In addition, the tarsal comb hairs are reduced to a

single ventral row (Huber & Fleckenstein 2008: figs. 19, 30).

Molecular data are available for only a limited number of

genera, but so far the results are largely congruent with those

from morphology (Bruvo-Madaric et al. 2005; Astrin et al.

2007). All Pholcinae except Zatavua Huber 2003 and Nyikoa
Huber 2007 (clade 6b in Fig. 1) share an apophysis on the

male palpal trochanter (Figs. 3, 4) that interacts with the

proximal lateral cheliceral apophysis during copulation

(Huber 1995, 2003a). Zatavua and Nyikoa (clade 6a) share

a peculiar shift of the male palpal tibia-tarsus joints (the

retrolateral joint is moved towards dorsal, the prolateral

joint toward ventral, so that both Joints are visible in

prolateral view: Fig. 7) (Huber 2007). Members of a large

group of genera including Spermophora Hentz 1841 and
Metagonia Simon 1 893 (clade 6c) share a dorsal (rather than

prolateral) attachment of the bulb to the tarsus (Fig. 3).

Within this group, five genera and African "Spermophora’

(clade 6d) share the reduction of piriform gland spigots on

the anterior lateral spinnerets (compare Figs. 14 and 15;

Huber 2003a, b, 2005b). Another major group (clade 6e)

shares a strong and large sclerite connecting the genital bulb

to the tarsus (Fig. 4; Huber 2003c). Within this group,

Pholcus and its closest relatives (clade 6f) are characte-

rized by simplified tarsus 4 comb-hairs (Fig. 13; Huber
& Fleckenstein 2008) and a knob-like structure on the

epigynum (Fig. 23). Relationships within this group are

difficult to resolve (Huber in press), but Leptophokus Simon
1893 and Micromerys Bradley 1877 (clade 6h) are very likely

close relatives (in agreement with Simon 1893, but contrary

to Timm 1976). They share a derived male cheliceral

armature (lateral apophyses very distally and no frontal

modification) and a serrated tip of the palpal trochanter

apophysis (Fig. 20; Huber in press).

With currently 548 species in 24 genera, Pholcinae is the most

species-rich subfamily within the Pholcidae, including the

largest genus {Pholcus, currently 174 species) and several other

species-rich genera (e.g., Metagonia and Belisana Thorell 1898).

In a sense, Pholcinae is the Old World counterpart to

Modisiminae, with highest diversity in the humid tropics and

subtropics and a large variety of body forms reflecting

adaptation to different microhabitats. A large body of literature

deals with the biology of the cosmopolitan Pholcus phalan-

gioides (Fuesslin 1775) (e.g., Kirchner 1986; Jackson &
Brassington 1987; Kirchner & Opderbeck 1990; Uhl 1993,

1996, 1998; Uhl et al. 1995, 2004; Schafer & Uhl 2002; Schaefer

& Uhl 2003; Japyassu & Macagnan 2004; Schafer et al. 2008),

but little is known about the biology of other species (Deeleman-

Reinhold 1986; Huber 1997a, 2002; Senglet 2001, 2008; Huber

& Wunderlich 2006; Huber & Schiitte 2009; Chen & Li 2005a,

2005b; Chen et al. 2008; Xiao et al. 2009, 2010). Most genera are

restricted to the Old World, with the notable exception of the

New World endemic Metagonia and a few relict species

currently assigned to Pholcus and Leptophokus (Huber 2000,

in press; Huber et al. 2005) (Fig. 28). Some synanthropic species

have attained worldwide distributions or extended their ranges

to another continent {Pholcus phalangioides, Spermophora
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Figure 28.—Known distribution of Pholcinae. The synanthropic Pholcus phalangioides and Spermophora senoculata (both cosmopolitan),

Micropholcus fauroti (pantropical) and Pholcus manueli (introduced to North America) are excluded.

senoculata [Duges 1836], Micropholcus fauroti [Simon 1887],

Pholcus manueli Gertsch 1937).

Composition: Aeiana Huber 2005; Anansus Huber 2007;

Belisana Thorell 1898; Buitinga Huber 2003; Calapnita Simon

1892; Khorata Huber 2005; Leptopholcus Simon 1893; Metago-

nia Simon 1893; Micromerys Bradley 1877; Micropholcus

Deeleman-Reinhold & Prinsen 1987; Nyikoa Huber 2007;

Ossinissa Dimitrov & Ribera 2005; Panjange Deeleman-

Reinhold & Deeleman 1983; Paramicromerys Millot 1946;

Paraspermophora Wunderlich 2004; Pehrforsskalia Deeleman-

Reinhold & van Harten 2001; Pholcus Walckenaer 1805;

Quamtana Huber 2003; Savarna Huber 2005; Spermophora

Hentz 1841; Spermophorides Wunderlich 1992; Uthina Simon

1893; Wanniyala Huber & Benjamin 2005; Zatavua Huber 2003.

DISCUSSION AND OUTLOOK
The numerous large polytomies in the cladogram in Fig. 1

show that many nodes within the Pholcidae remain unresolved.

In addition, some nodes are weakly supported and are in need

of further study. At the level of subfemilies, generic composition

may change in several cases: Ninetinae may not contain clade 2b

(i.e., Aucana, Nita, Chisosa); Arteminae may contain Wugigarra

and be paraphyletic with respect to Modisiminae; and

Smeringopinae may be paraphyletic with respect to Pholcinae.

Similar problems occur at the level of genera, and some
terminal taxa as presented in Fig. 1 may not even be monophy-
letic. This is especially true of the genera Belisana (Huber 2005),

Quamtana Huber 2003 (Huber 2003c), MesaboUvar and Meco-
laesthus Simon 1893 (Huber 2000), Spermophora (Huber 2005b),

Leptopholcus and Pholcus (Huber in press).

At the level of species, many hundreds of taxa remain

undescribed, and the species numbers above may not even

reflect relative species richness. For example, a recent revision

of the genus Belisana has elevated species numbers from two
to 64 (Huber 2005a). Other genera that are known to contain a

large number of undescribed species are Metagonia, Mesabo-
livar, Modisimus, Smeringopina, and Pholcus.

Many hypotheses can be derived from the cladogram in

Fig. 1, and some can be easily tested as material becomes

available. For example, the cladogram predicts several

characters for the genus Tonoro Gonzalez-Sponga 2009, none

of which is mentioned in the original description: 1) exposed

tarsal organ; 2) complex comb-hairs restricted to a patch near

the tip of tarsus 4; 3) reduced piriform gland spigots on the

anterior lateral spinnerets; 4) reduced epiandrous spigots; 5)

presence of a male palpal coxa apophysis; and 6) a ventral

male palpal femoral apophysis that is not directed distally.

At a phylogenetic level, a large scale analysis of molecular

data will most likely be necessary to further resolve pholcid

relationships and to advance pholcid systematics significantly.

Even though some results from recent molecular work appear

dubious, most relationships suggested are either congruent

with morphological data or suggest reasonable alternatives.

The unexplored potential of traditional morphological char-

acters seems very limited in the Pholcidae, but sperm

ultrastructure and chromosome morphology are among the

non-molecular characters most promising to contribute to our

understanding of pholcid phylogeny (Michalik & Uhl 2005;

Michalik et al. 2005; Michalik & Huber 2006; Oliveira et al.

2007; Ramalho et al. 2008; J. Krai pers. comm.).
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Abstract. The Solomon Island endemic species of Charontidae, Stygophrymis (Neocharon) forsteri Dunn 1949, is

transferred to the genus Charon, thus forming the new combination Charon forsteri (Dunn 1949). The subgenus Neocharon

is a junior synonym of Charon. The distribution of Stygophrynus is found to be restricted to Southeast Asia from southern

Myanmar to Java, not spreading east of Wallace’s Line. We provide a full description, diagnosis, and numerous figures of
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Amblypygi, commonly known as whip spiders, are peculiar

arachnids characterized by strong raptorial palps with sharp

spines, a flattened body, and extremely elongate antenniform

first legs. They are nocturnal and live under stones or on trees,

and many are found in caves. Globally more than 158 whip

spider species occurring in tropics and subtropics are currently

recognized; they are classified into 17 genera of the five

families (Harvey 2007; Rahmadi & Harvey 2008; Colmenares-

Garcia & Villareal-Manzanilla 2008; Rahmadi et al. 2010;

Rahmadi & Kojima 2010).

Of these five families, the dominant Asian family is the

Charontidae, which consists of two genera, Charon Karsch

1879 and Stygophrynus Kraepelin 1895. Charon consists of

four species distributed in Southeast Asia and Australasia

(Harvey & West 1998; Harvey 2003), whereas Stygophrynus

currently consists of nine species (Weygoldt 2002; Harvey

2003; Rahmadi & Harvey 2008) distributed in Southeast Asia

and the southwestern Pacific (Harvey 2003). Stygophrynus is

further divided into two subgenera, S. (Stygophrynus) for

seven species from Myanmar, Thailand, Vietnam, Malay
Peninsula to Java: S. (S.) cavernicola (Thorell 1889), S. (S.)

Cerberus Simon 1901, -S'. (S.) berkeleyi Gravely 1915, 5. (S.)

longispina Gravely 1915
,
S. (S.) dammermani Roewer 1928 , S.

(S.) brevispina Weygoldt 2002 and S. (S.) sunda Rahmadi &
Harvey 2008, and S. (Neocharon) Dunn 1949 for S. (N.)

mouhoni Gravely 1915 and S. (N.) forsteri Dunn 1949. The
two Neocharon species show unusually disjunct distribution

pattern with S. (N.) mouhoni known only from western

Borneo (Quintero 1986; Harvey 2003; Rahmadi & Harvey

2008) and the type species, S. (N.) forsteri from the Solomon
Islands (Dunn 1949; Harvey 2003).

In the present study, we examined the morphological

characters of Charontidae mainly to clarify the identity of S.

(Neocharon) forsteri, which is found far to the east of the

remaining species of Stygophrynus and is thus a biogeographic

enigma.

METHODS
The measurements and drawings were made using, respec-

tively, an ocular micrometer and a drawing tube mounted on a

stereoscopic dissecting microscope (Olympus SZX12). We
examined the structure of the genitalia by lifting the genital

operculum. General terminology and pedipalp spination

follow Weygoldt (2000), and the pedipalp terminology follows

Harvey & West (1998). The holotype and the specimens

examined during the study are deposited in the following

institutions: Museum of New Zealand Te Papa Tongarewa,

Wellington, New Zealand (NMNZ); Queensland Museum,
Brisbane, Australia (QM); Australian Museum, Sydney,

Australia (AM); and Zoological Museum, University of

Copenhagen, Copenhagen, Denmark (ZMUC).

THE IDENTITY OF STYGOPHRYNUS
(NEOCHARON) FORSTERI

Dunn (1949) described S. (Neocharon) forsteri from Savo

Island, in the Solomon Islands and proposed the subgenus

Neocharon to accommodate S. mouhoni and S. forsteri, with

the latter designated as the type species. Weygoldt (2002)

assumed that Stygophrynus (N.) forsteri was likely to be based

on immature specimens as the size was relatively small for the

genus.

Digital images supplied to us of the holotype of S. forsteri,

housed in the Museum of New Zealand Te Papa Tongarewa

(Wellington, New Zealand) (Figs. 10-12), show that the

specimen has a spine PI on the dorsal pedipalpal patella

much shorter than the two other major spines (P2 and P3),

which are about equal in size (Figs. 9, 11). The pedipalpal

tibia has a single major spine on the dorsal and ventral

223



224 THE JOURNAL OF ARACHNOLOGY

Figures 1-9 .—Charon forsteri (Dunn 1949), from the Solomon Islands: 1. Carapace; 2. Chelicera, external view (AM, KS109147); 3. Antero-

dorsal of left pedipalp (AM, KS109139); 4. left pedipalpal tibia, retro-lateral (ZMUC.Ol); 5. Tibia of leg IV (AM, KS109139); 6. Female

genitalia, ventral view; 7. Male genitalia, dorsal view (ZMUC.02); 8. Male genitalia, ventral view; 9. Left pedipalp of immature specimen from

New Georgia Island (QM, S42991), dorsal view. Abbreviations: rs: row of setae, bt: basitibial, bf: basofrontal, be: basocaudal, sbf:

subbasofrontal.

surfaces, with one additional spinelet on the distal region

of the major spine, and an undivided pedipalpal tarsus

(Fig. 12). The subgenus Neocharon differs from the subgenus

Stygophrynus in having a lower number of spinelets on the

distal of major spines on the pedipalpal tibia, particularly on

the ventral margin. The subgenus Stygophrynus has at least

three spinelets on both the dorsal and ventral margin,

decreasing in size from distal to proximal, and Neocharon

has only one spinelet (Dunn 1949; compare with Kraepelin

1895; Weygoldt 2002). All of these characteristics suggest

that the holotype of S. forsteri is an immature individual of a

species of Charon (Rahmadi 2009). As we will later show, it

is different from any Charon species so far described, and we

propose here to transfer S. forsteri to Charon as a valid

species. Subsequently, Neocharon Dunn 1949, of which the

type species is S. forsteri, is synonymized under Charon.

TAXONOMY

Family Charontidae Simon 1892

Diagnosis.—Family Charontidae is characterized by the

presence of pulvilli on the second to fourth legs, dorsal

margin of the pedipalpal patella with two (Fig. 3) or three

major spines about equal in size in adults, the presence of a

row of setae on the proximal end of the cleaning organ

(Fig. 4), and also by the soft and tube-like gonopods of the
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Figures 10-12.—Holotype of Charon forsteri (Dunn 1949): 10.

Habitus, dorsal view; 11. Carapace and pedipalp, dorsal view; 12.

Ventral view. Photo by Jean-Claude Stahl/Museum of New Zealand

Te Papa Tongarewa. The image of the holotype can also be found

online at http://collections.tepapa.govt.nz/objectdetails.aspx7oid

=

127888&term=Stygophrynus.

female genitalia (Fig. 6) (Quintero 1986; Harvey & West

1998; Weygoldt 2000, 2002).

Remarks.—The family Charontidae contains two genera,

Charon and Stygophrynus, which are united by a single

synapomorphic character: the presence of a row of setae on

the proximal end of the cleaning organ on the pedipalpal

tarsus (Quintero 1986; Weygoldt 1996, 2000). They are

distinguished from each other by the states of the pedipalp

(Quintero 1986; Harvey & West 1998; Weygoldt 2000), where

the tarsus is divided in Stygophrynus and undivided in Charon',

an undivided tarsus is considered apomorphic in Charontidae

(Quintero 1986; Weygoldt 1996, 2000), supporting the

monophyly of Charon. The pedipalpal patella of Charon has

two major spines (P2 and P3) about equal-sized and much
longer than distal (PI) and proximal (P4) ones. In immature

individuals, it has three long spines (P1-P3), of which the

distal one (PI) is somewhat shorter than the others, while that

of Stygophrynus has three equal-sized major spines (P1-P3) in

both adult and immature individuals. It is assumed that the

two equal spines in Charon is apomorphic compared to three

equal spines in Stygophrynus in the family Charontidae

(Weygoldt 1996), suggesting that the equal-sized two or more

spines is the apomorphic condition in Neoamblypygi. The

pedipalpal tibia of Stygophrynus has at least three spinelets

distal to the major spine both dorsally and ventrally, whereas

Charon has only a single spinelet distal to the major spine

(Fig. 4). In Stygophrynus, the pedipalpal tarsus carries up to

eight denticles, which is apomorphic in Charontidae and seems

to support the monophyly of Stygophrynus (Weygoldt 1996).

Charon has no such denticles on the pedipalpal tarsus (Fig. 4).

Genus Charon Karsch 1879

Charon Karsch 1879:197; Harvey 2003:9 (full synonymy).

Stygophrynus (Neocharon) Dunn 1949:11. New synonymy.

Type species.

—

Charon: Phrynus gray! Gervais 1842, by

original designation.

Stygophrynus (Neocharon): Stygophrynus (Neocharon)

forsteri Dunn 1949, by original designation.

Remarks.—The proposed synonymy of Stygophrynus (Neo-

charon) with Charon does not involve the transfer of S.

moultoni to Charon. The identity of 5. moultoni is still

uncertain (Rahmadi et al. 2010), although it is tentatively

treated as belonging to Stygophrynus.

Charon forsteri (Dunn 1949), comb. nov.

(Figs. 1-12)

Charon grayi (Gervais 1842): Pocock 1898:458; Rainbow

1913:2 (misidentification).

Stygophrynus (Neocharon) forsteri Dunn 1949:12-15, figs. 4-

6; Palma et al. 1989:19; Weygoldt 2002:135; Harvey

2003:10; Rahmadi & Harvey 2008:281-288; Rahmadi
2009:117.

Type.—Holotype female, Savo Island, Solomon Islands

[9.1392°S, 159.8131°E], January 1944, R.R. Forster, (NMNZ,
image examined).

Other material examined.—SOLOMON ISLANDS: 1 <?, I

9, rainforest 17 km of Honiara [9.4485°S, 159.9456°E,

approx.], Guadalcanal, 29 July 1962, Noona Dan Expedition

1961-62 (ZMUC); 1 9, Solomon Islands, mid 1966, D. Joddelf

(AM KS83733); 1 9, Gout Station, Santa Isabel [7.90 13°S,
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159.1442°E, approx.], N.S. Hefferman (AM KS109147); 1 9,

Gout Station, Santa Isabel [7.9013°S, 159.1442° E, approx.],

N.S. Hefferman (AM KS109139); 1 9, Mt. Javae, Howla
Island [8.2305°S, 1 57.585 1°E, approx.], LK30244, New
Georgia Island, 300 m, 25 June 1990, T. Churchill (QM
S42991).

Diagnosis .—Charon forsteri can be distinguished from other

congeners by the following combination of characters:

basitibiae of legs II-III with 1 segment; basitibia of leg IV

with 4 segments, with trichobothrium bt midway on fourth

basitibial segment; and distitibiae with 25 trichobothria,

trichobothrium be closer to sbf than to bf (Fig. 5).

Description.

—

Female: Color in alcohol: carapace brown;

pedipalpal trochanter, femur, patella and tibia dark brown;

femur and patella of leg I brown without white annulations;

tibia and tarsal segments of leg I with yellow annulations on

each segment; legs II-IV: femora pale brown with annulations,

4 brown and 3 white annulations, patellae brown; basitibiae

brown without annulations. Abdomen reddish brown.

Carapace (Fig. 1): Width about 1.6 times length. Surface

with small tubercles and several setiferous tubercles, central

sulcus deep, on midline about one fourth of the posterior part

of carapace with 3 pairs of radiating sulci; flange narrow and

slightly bent upwards on lateral and posterior margins; flange

begins from anterodateral corner; anterior margin straight

with 12 fine frontal setae; median eye tubercle high and

brownish-black with 2 apical setae, eyes facing antero-

laterally; lateral eyes close to lateral margin about the

diameter of lateral eyes; lateral eyes with normal pigmentation

and with tapetum, arranged in line with median eyes; frontal

process visible on dorsal view (Fig. 1).

Chelicera (Figs. 1, 2): Dorsum of chelicera with several

tubercles, with 2 fine frontal setae on anterior margin and

several fine setae on lateral margin (Fig. 1). Basal segment

with 4 median teeth, the proximal tooth largest, the most distal

tooth tricuspid of which the medial cusp is the largest, upper

cusp larger than lower cusp; externally with one tooth

opposite the uppermost tricuspid tooth; movable finger with

9 teeth, the fourth tooth the largest, following teeth decreasing

in size distally (Fig. 2).

Sternum: First sternite (= tritosternum) elongate, with

paired apical and several other setae; second and third

sternites rounded and each with 2 apical setae; fourth sternite

with 5-10 setae.

Pedipalp (Figs. 3, 4): Pedipalp short and stout. Trochanter

with about 14 spines on antero-dorsal margin, with basal setae

and several setiferous tubercles; antero-ventral margin with 13

spines containing basal setae. Femur: antero-dorsal margin

with 5 major spines (length F3 > F2 > F4 > FI > F5) and

several minor spines (Fig. 3); antero-ventral margin with 4

major spines (length FII > Fill > FI > FIV), several minor

spines and small tubercles. Patella: antero-dorsal margin with

4 major spines (length P2 = P3 > PI > P4), spine PI reduced

in size, and with several minor spines, the two equal major

spines located on distal one-fourth of patella, 2 minor spines

present between PI and distal margin of patella, PI about half

the length of P2, 1 minor spine present between P1-P2 and

P2-P3; antero-ventral margin with 4 major spines (length PI >
PI I > PHI > PIV), several minor spines and small tubercles

(Fig. 3). Tibia: antero-dorsal margin with 1 major spine plus 1

short spine distal to major spine; antero-ventral margin with 1

major spine plus 1 spine distal to major spine (Fig. 4). Tarsus

undivided and without articulation, antero-dorsal margin

without denticles dorsal to cleaning organ, with basal row of

setae (rs) consisting of about 5 setae near proximal end of

cleaning organ; cleaning organ ventrally with about 27

modified hairs.

Eegs (Fig. 5): Femora of legs I-IV with small tubercles and

setiferous tubercles. Tibia and tarsus of leg I with 25 and 45

segments, respectively; tibiae of legs II and III two-segmented;

basitibiae of leg IV four-segmented, fourth basitibial segment

with 1 trichobothrium (value in parentheses: ratio of the

distance from trichobothrium to proximal margin of the

segment against the length of the segment), bt (0.52);

distitibiae of legs II-IV each with 24 trichobothria, bf (0.14),

sbf (0.30), be (0.26), bt about midway of fourth basitibial

segment, be close to sbf (Fig. 5). Tarsi of legs II-IV four-

segmented; first segment about as long as length of subsequent

three segments combined; second segment with light-yellow

transverse line; fourth segment without oblique slit; pulvilli

present.

Genitalia (Fig. 6): Gonopods soft and tube-like, with setae

on margin of genital operculum (Fig. 6).

Male: Pedipalp spination similar to female, pedipalp short

and stout. Genitalia: covered ventrally by genital operculum,

without fine setae, posteriorly with paired pointed ventral

lobes, paired brown markings on basal of ventral lobes

(Fig. 8), in dorsal view, submedian yellow marking running

from anterior margin to middle. In median part with paired

rectangular lamellar (Fig. 7).

Juvenile: Color in alcohol: carapace light yellow with light

brown marking, legs with annulations (Fig. 10). Carapace:

anterior margin straight with several fine setae. Median eye

tubercle well developed, eyes facing antero-laterally. Lateral

eyes well developed (Fig. 11). Pedipalp: short and stout

(Figs. 9-1 1). Femur: antero-dorsal margin with 6 major spines

(length F2 > F5 > F4 > F3 > FI > F6). Patella: antero-

dorsal margin with 4 major spines (length P2 = P3 > PI >
P4). Tibia: antero-dorsal and ventral margins each with 1

major spine and with additional short spine at base of major

spines on dorsal major spines and 1 spine on distal of major

spine. Tarsus undivided (Fig. 12).

Measurements (in mm): adult male (« = 1) [females (« = 6)],

juvenile {n =
1); values for segments of appendages are their

lengths. Body length (excluding chelicera) 18.50 [17.20-28.00],

7.00. Carapace: median length 5.50 [6.00-10.00], 2.80; width

9.50 [9.76-16.00], 4.00; median eyes to anterior margin of

carapace 0.20 [0.16-0.20], 0.00; distance between lateral eyes

3.50 [3.60-7.00], 1.36; lateral eye to anterior margin of

carapace 0.50 [0.48-0.70], 0.20; lateral eye to lateral margin

of carapace 0.60 [0.48-0.70], 0.20. Pedipalps: trochanter 3.00

[3.20-6.00], 1.00; femur 10.00 [1 1.20-23.50], 2.60; patella 11.50

[12.00-27.00], 2.60; tibia 2.50 [3.20-5.40], 1.04; tarsus 2.50

[3.20-7.50], 1.60. Leg I: femur 17.00 [17.60-32.50], 8.00;

patella 1.20 [1.20], 0.60. Leg II: femur 11.00 [11.20-20.00],

5.00; patella 2.00 [1.76-3.00], 0.80; basitibia 10.50 [10.40-

21.00], 4.60; distitibia 4.50 [4.40-8.00], 2.40; metatarsus +

tarsus 3.80 [3.84-6.00], 1.80. Leg III: femur 11.50 [12.40-

22.50], 5.72; patella 2.00 [1.76-3.00], 0.80; basitibia 11.50

[12.9()-18.50], 5.40; distitibia 4.50 [4.80-6.50], 2.72; metatarsus
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Figure 13.—Map showing the distribution of Stygophrymis and Charon (Charontidae) in Australasia. Symbols: circles: Stygophrynus;

triangles: Charon. The dashed line depicts Wallace’s Line.

+ tarsus 4.00 [3.60-5.84], 2.20. Leg IV: femur 10.50 [11.20-

19.50], 5.20; patella 1.50 [1.60-3.00], 0.80; basitibia 12.00

[13.20-24.00], 5.60; distitibia 4.50 [4.40-7.00], 2.40; metatarsus

+ tarsus 4.00 [3.84-6.40], 2.20.

Etymology,—The species was named in honor of R.R.

Forster, who facilitated the examination of the whip spider

specimens in the Dominion Museum (Dunn 1949). He went on

to become Director of the Otago Museum and a world

authority on spiders (Patrick et al. 2000).

Natural history.—The specimens from Savo Island were

found under debris in coastal forest and a coconut plantation

(Dunn 1949). At a place about 17 km from Honiara in

Guadalcanal, the species lives in rainforest.

Distribution.—This species is known from Savo Island,

Santa Isabel, New Georgia, and Guadalcanal, all within the

Solomon Islands (Fig. 13).

Remarks.—Charon forsteri was initially described by Dunn
(1949) based on three immature female specimens with the

total length of the holotype about 6.8 mm. In adults, the total

length varies between 17.2-28.0 mm. The holotype has an

additional basal major spine on the antero-dorsal margin of

the pedipalpal tibia (Figs. 9, 1 1; Dunn 1949:12, fig. 6), but this

spine is missing in adults (Fig. 4).

The pedipalpal patella of the holotype has three major

spines, of which PI is only shorter than the other two spines

(Figs. 9, 11). This arrangement is typical of the immature

individuals of the genus Charon. Weygoldt (1996, 2000)

reported that in Charon the major spine PI reduces in length

during the post-embryonic development, and only the two

major spines remain long in the adult stage (Fig. 3; also see

Weygoldt 2000, fig. 26). One spine is present between PI and

distal margin of pedipalpal patella, instead of two or three

spines that are commonly found in the genus Stygophrynus.

Charon forsteri differs from other Charon species in the

number and arrangement of the trichobothria on the tibia of

leg IV. Charon forsteri has 25 trichobothria on the tibia of leg

IV with trichobothrium bt mid-length on the fourth basitibial

segment of leg IV and the trichobothrium be close to sbf

(Fig. 5). The number and arrangement of the trichobothria on

the tibia of leg IV in Charon are species-specific, which was

found in the species described by Harvey & West (1998) from

northern Australia and Christmas Island. Specimens from

New Guinea, Philippines and the Indonesian islands also have

different numbers and arrangements of trichobothria in each

population, confirming that trichobothria are important

diagnostic characters in the genus Charon. Kraepelin (1895,

1899) synonymized several species with C. grayi and

recorded it from a variety of locations. Our observations

suggest that species-specific characters are available to refute

this hypothesis, and in future it will be necessary to recognize

more species of Charon than are currently recognized. The
Solomon Islands was amongst the many locations recorded

by Kraepelin (1895, 1899) for C. grayi. It was likewise

recorded from New Georgia by Pocock (1898) and Howla
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Island by Rainbow (1913). We can find no evidence that C
grayi occurs in the Solomon Islands, and ail previous records

of Charon are here thought to represent C. forsteri.

DISTRIBUTION OF THE GENUS STYGOPHRYNUS
The transfer of S. forsteri from Stygophrynus to the genus

Charon allows us to comment on the distribution of

Stygophrynus. Stygophrynus has been recorded from various

localities including Myanmar (Thorell 1889; Annandale &
Gravely 1914), Thailand (Deharveng & Leclerc 1989; Wey-
goldt 2002), Vietnam (Kraepelin 1901), Engano Island (Delle

Cave 1986), Mentawai Island (Annandale & Gravely 1914;

Gravely 1915), Malay Peninsula (Gravely 1915), Java (Grave-

ly 1915; Roewer 1928; Rahmadi & Harvey 2008), Borneo

(Gravely 1915) and Sulawesi (Whitten et al. 2001). The record

of the genus in Mampu Cave, Sulawesi (Leefmans 1932;

Whitten et al. 2002, fig. 8.9) appears to be incorrect, as the

figure resembles a species typical of the genus Charon.

Extensive collections of whip spiders from Sulawesi, Moluc-

cas, and eastward to the Papuan region confirm the absence of

the genus Stygophrynus in these regions (Fig. 13).

Kraepelin (1901) and Harvey (2003) reported S. cavernicola

from Saigon (Ho Chi Minh, Vietnam) but this record has been

questioned (Annandale & Gravely 1914; Gravely 1915). After

examining Kraepelin’s specimen from Saigon lodged in

MNHN labeled “BOC14, Stygophrynus cavernicola, Saigon

Harmand 2327-75, Kraepelin det. 1900,” we confirm that the

specimen is a typical member of the genus Phrynichus

(Phrynichidae). Weygoldt (1998) described the new species

Phrynichus orientalis Weygoldt 1998 based on five specimens

from Indochina previously identified as Myodalis (Phryni-

chus) nigrimanus (Koch) (MNHN82, MNHN81). One of these

specimens was collected from Saigon (M. Harmand) and is

also labeled with the number 2327-75 and identified as

Phrynichus reniformis Kraepelin det. 1900. The specimen

identified as S. cavernicola from Saigon lacks any label

indicating Phrynichus orientalis, P. nigrimanus, or P. renifor-

mis. The jar (BOC14) is together with other jars containing

Stygophrynus species. Whether or not the specimens described

by Weygoldt (1998) in MNHN represent the same specimen,

we can be certain that Kraepelin’s record of Stygophrynus

from Vietnam is incorrect.

Based on the examination of numerous charontid specimens

from several localities, we conclude that the genus Stygophrynus

is restricted to southeastern Asia from southern Myanmar to

northeastern Java and only occurs west of Wallace’s Line

(Fig. 13), both in caves and epigean habitats where extensive

radiations have occurred (Weygoldt 1996). The sole record of

Stygophrynus from western Borneo is dubious and requires

further taxonomic examination (Rahmadi et al. 2010). The
genus Charon is more widely distributed and occurs from

northern Australia, New Guinea westward to Philippines,

Sulawesi, Orchid Island in Taiwan, and north-eastern Java

(Fig. 13). The distribution ranges of the two genera only

overlap in a narrow area in the southern part of Sunda Land.

A biogeographic scenario proposed by Weygoldt (2000)

stated that Neoamblypygi (Charontidae + Phrynida (Phryni-

chidae + Phryeidae)) evolved in Gondwanaland before

Gondawana broke up during the Cretaceous period, and

divided early into the Oriental Charontidae (Charon and

Stygophrynus) and more western Phrynida. However, the split

of Charontidae into two genera, Asian genus Stygophrynus

and Australian genus Charon remains to be tested.
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Partial dietary separation between coexisting cohorts of Yllenus arenarius (Araneae: Salticidae)

Made] Bartos; University of Lodz, Department of Teacher Training and Studies of Biological Diversity, Banacha 1/3,

90-237 Lodz, Poland. E-mail: bartos@biol.uni.lodz.pl

Abstract. A long-term diet analysis of a polyphagous jumping spider Yllemis arenarius Menge 1868 (13 yr, « = 321 prey

items) was carried out in Central Poland. Due to the spider’s long life cycle two cohorts are present for the whole season

and for one month three cohorts coexist, which allowed me to investigate whether coexisting spiders feed on similar or

different prey. Diets of spiders from these three cohorts were found to differ in three aspects: prey taxa, prey diversity and

prey size. Spiders from each cohort maintained a fairly constant ratio between prey size and their own size throughout the

life cycle, which resulted in dietary separation between individuals from coexisting cohorts. Such mechanisms may reduce

the intensity of competitive interactions between coexisting spiders.

Keywords: Spider, diet, prey, polyphagy, intraspecific competition, development, Poland

Diets of spiders that do not build webs are poorly known
(Nentwig 1987). Even though spider prey has gained

considerable attention over the last decades, generally due to

the potential exploitation of spiders as agents of pest control,

the research has been dominated by the studies of web-

building spiders (reviewed in Wise 1993). Such bias generally

results from the studies of cursorial spiders’ diets requiring

considerably longer to obtain the same number of data than

studies of web-builders’ diets. The prey items of non-web-

building spiders are collected by direct observation and by

inspection of individual spider’s mouthparts, while in the case

of web-building spiders, their webs, which function as passive

traps continuously accumulating prey, are inspected (Nentwig

1987). For these reasons the time of prey retention in the case

of cursorial spiders is usually shorter, and hunting success is

lower than in web-builders (Edgar 1970; Jackson 1977).

Considerable data would not only describe a particular

spider’s diet, but might also allow us to analyze age- and size-

dependent changes that occur in a spider’s lifetime. Spiders

that actively hunt their prey are known to keep a fairly

constant ratio between prey size and their own size (Nentwig

& Wissel 1986; Nentwig 1987); therefore, it may be expected

that newly hatched spiderlings and much larger adult

individuals will have different diets. Furthermore, more

general conclusions on diet-related phenomena, such as food

competition, could be drawn. There is a strong bias in the type

of competitive interactions researched, as the research has

been dominated by studies of interspecific competition

(Horton & Wise 1983; Riechert & Cady 1983; Nentwig 1983,

1986; Nyffeler & Sterling 1994). Very few studies have been

focused on intraspecific competition, particularly in cursorial

spiders (Wise & Wagner 1992; Wagner «fe Wise 1996; reviewed

in Wise 1993).

Several characteristics of Yllenus arenarius Menge 1868

make this species especially useful to study both the diet of

different age groups and possible competitive relationships

between coexisting cohorts. Firstly, due to the longest life cycle

reported for any jumping spider, three cohorts from three

successive years coexist for 1 mo annually, and for the rest of

the season spiders from two cohorts are present (Bartos 2005).

The lifespan reaches up to 770 days. Juveniles emerge from

eggs laid in sub-sand nests in early June, and females in their

third year of life, which produce the eggs, die by the end of

June.

Secondly, the spider inhabits a simple environment, which

makes the interactions between different species that occur in

the habitat more transparent. Yllenus arenarius is a stenotopic

species, which in Central Europe is mostly limited to Spergulo-

Corynephoretum habitat, in particular to the initial stage of

dune succession, where sand areas are sparsely vegetated by

grey hair-grass (Corynephorus canescens) with numerous,

unvegetated patches in between (Merkens 2000; Logunov &
Marusik 2003). Such habitat is characterized by a limited

number of niches, low nutrient supply and adverse tempera-

ture and humidity conditions (Almquist 1970, 1971; Bonte et

al. 2000).

Thirdly, Y. arenarius is a dominant day-active arachnid

predator in its habitat, which suggests that intraspecific

interactions can be strong and may be detectable. The spiders’

populations reach densities of up to about five individuals/m^,

and in comparison with other day-active invertebrates of

comparable size, they are outnumbered only by those of

Formica cinerea (Hymenoptera: Formicidae) (Bartos, pers.

observ.).

Finally, different aspects of the spider’s biology, including

the predatory behavior of different age groups, have already

been described, which provide important background infor-

mation for interpretation of possible differences between

spider age groups. Yllenus arenarius is a sit-and-wait predator

that awaits a prey that lands in its proximity or a prey that

approaches the predator by land. The spiders feed on a wide

spectrum of invertebrates ( Bartos 2004) and possess complex

prey-specific predatory strategies (Bartos 2002, 2007). Inex-

perienced spiders are able to identify different prey types and

express a nearly complete spectrum of prey-specific behaviors

characteristic for adults. The spider’s hunting pattern changes

only moderately with age (Bartos 2008 ).

The aim of this research was to investigate whether

individuals from coexisting cohorts of Y. arenarius have

different diets, and if so, which mechanisms may be

responsible for such a dietary separation. For this purpose I

studied the spider’s lifetime diet, with particular focus on the

230
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period when three cohorts coexisted in the field. I hypothe-

sized that the relative body size of spiders would be the main

determinant of captured prey. Thus I compared the propor-

tion of prey changing its size during the season, the Acrididae,

among cohorts.

METHODS
Procedure.

—

During 13 years (1997-2009), 321 items of prey

were collected from spiders in 1 1 inland dunes in Central

Poland. Most prey {n = 291) were collected from one site -

Kwilno (5r59' N, 19°30' E). This site was visited at least once

every two weeks throughout the season. In June data were

collected on a daily basis; therefore, the number of records is

much higher in this month.

Prey.—The prey items were collected during field surveys

from the chelicerae of Y. arenarius. During each survey, the

ground surface was thoroughly searched, and all spiders

encountered visually were captured in transparent glass vials.

Each vial was then inspected. Any prey that was found in a

spider’s chelicerae was measured and preserved in ethanol for

further determination. Prey’s body length was measured from

the tip of the head to the end of the abdomen. In this study the

prey of Y. arenarius is analyzed on higher taxonomical levels

(orders and families).

Spiders.—In each year of study individuals from three

cohorts, hatched in three successive years, were recognized.

These were; a) individuals from the cohort hatched in June of

that particular year, described as juveniles in the first year of

life (juv-1); b) individuals from the cohort hatched in June of

the previous year, described as juveniles in the second year of

life (juv-2), or adults in the second year of life after the final

molt (ad-2) and; c) individuals from the cohort hatched in

June two years before the year of study, described as adults in

the third year of life (ad-3). The prey of adults in the second

year of life (ad-2) was used only in the lifetime diet analysis,

and this group of spiders was not discussed separately. Spiders

with prey were assigned to cohorts on the basis of their size

and maturity according to a previously developed method
(Bartos 2005). Males of Y. arenarius died earlier than females

and usually did not survive longer than mid-May; therefore, in

July only females were captured with prey.

Measurements were taken on live spiders, which were then

released back into the field. Three body measurements were

taken: abdomen length, abdomen width and eye field width.

Abdomen length and abdomen width are measurements of

elastic body parts; therefore, they are good indicators of spider

size and condition. Eye field width (distance between lateral

margins of posterior lateral eyes) is a measurement of a hard

structure on the spider’s carapace. It does not depend on
temporary hunger status and therefore it is a proper indicator

of age (Bartos 2005).

Voucher specimens of Y. arenarius are deposited in the

Arachnological Collection of the Department of Zoology,

University of Podlasie, Siedlce, Poland.

Data analysis.—All statistical procedures, namely the chi-

square test, Kruskal-Wallis ANOVA and Pearson correlation

followed those described by Zar (1984). Natural logarithm-

based Shannon-Wiener diversity indices (H') and Atests for

differences between cohorts were calculated according to

Magurran (1988). Data are presented as mean ± SD.

£

Diptera

Homoptera

Hymenoptera

Araneae

Heteroptera

Orthoptera

Neuroptera

Lepidoptera

Coleoptera

Thysanoptera

Psocoptera

N

Figure 1.—Absolute frequency of II prey orders in the diet of

YUeniis arenarius (n = 321 prey).

RESULTS

Lifetime diet of F. arenarius.—Ten insect orders and one

arachnid order were recorded in the diet of Yllenus arenarius

(Fig. 1). Only imagoes were present for Diptera, Hymenop-
tera, Coleoptera, Thysanoptera and Psocoptera. Homoptera,

Araneae, Heteroptera and Orthoptera were represented by

both imagoes and juveniles. Neuroptera and Lepidoptera were

represented only by larvae.

There was a wide diversity in the size of prey captured by Y.

arenarius. A positive correlation was found between spider size

and prey size (Fig. 2). All three spider body measurements

show similar relationships. The correlation was stronger

between spider abdomen width and prey length {r = 0.68, P
< 0.05, n = 259) and between spider abdomen length and prey

length {r = 0.67, P < 0.05, n = 259) than between spider eye

field width and prey length (r = 0.60, P < 0.05, n = 259). The
ratio of prey size to spider size shows that about 80% of the

prey in the spiders’ diet is smaller than the spiders’ own body
size. Body lengths of most prey items ranged from 40% up to

100% of the spider’s body length, with the most numerous

group almost as long as the predator.

Diets of spiders from three coexisting cohorts.—Prey

composition in the spiders’ diet varied throughout the year.

The differences between diets of spiders from coexisting

cohorts were especially apparent in June, when three cohorts

were present. The differences were manifested in three aspects:

prey size, prey taxa and prey diversity.

Prey size: Spiders from the three cohorts exploited

invertebrates of different sizes as prey (Kruskal-Wallis

ANOVA, Hf2:i35 )
= 58.39, P < 0.0001) (Fig. 3). If the prey

length was standardized on spider length, the relationship

disappeared (Kruskal-Wallis ANOVA, H, 2 - 135 )
= 5.50, P >

0.05).
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Figure 2.—Relationship between abdomen length of YUetms

CD-emirius and its prey total body length.

Prey taxa: Different numbers of arthropod orders and

different frequencies of prey from each order were found in the

diets of spiders from coexisting cohorts (Fig. 4). Some prey

taxa were present in the diet of all cohorts, but they occurred

with different frequencies. The proportion of Homoptera
dropped with age {x~

= 16.07, df = 2, P < 0.001); a similar

pattern was observed for Diptera = 8.45, df - 2, P < 0.02).

The proportion of Hymenoptera increased with age {x~
=

6.07, df = 2, P < 0.05). A limited number of prey taxa:

Aphididae (Homoptera), Thysanoptera and Orthoptera, were

found in the diets of only certain cohorts. Differences in the

frequency of Aphididae were the most pronounced (x^
=

33.34, df = 2, P < 0.0001). This group comprised 46% of all

prey of juv-1 {n = 35) and 1 1% of all prey of juv-2 (n — 82),

but did not occur in the diet of ad-3 {n = 43). The smallest of

all prey - specimens from the order Thysanoptera - were

found only in the diet of juv-1 {x~ = HAS, df = 2, P < 0.01).

Orthoptera occurred only in the diets of juv-2 and ad-3 (x“
=

1 1.83, df = 2, P < 0.0\). Differences in the frequency of other

prey orders (Heteroptera, Araneae, Coleoptera, Neuroptera

and Lepidoptera) were not significant.

Prey diversity: The diets of spiders from coexisting cohorts

differed according to their diversity (Fig. 4). The diet of juv-1

was the least heterogeneous (H' = 1.293). These spiders

consumed prey from six insect and arachnid orders. The most

frequent prey taxa were Homoptera and Diptera, with a small

number of Thysanoptera and other negligible prey. Spiders in

the second year of life (juv-2) were characterized by a more
diverse diet (H' = 1.857), consisting of prey from eight orders.

The highest diversity was found in the diet of the oldest spiders

(ad-3) (H' = 1.939). Diets of both juv-2 and ad-3 consisted of

a wide range of prey in relatively similar proportions, and their

diversity indices were similar (to.oj,- i26 = 0.70, P > 0.05);

therefore, the data were pooled. The index of prey diversity of

juv-1 differed from the index based on pooled data of juv-2

and ad-3 and subsequently compared with the index of the

juv-1 (to.,)5 : 161 = 3.76, P < 0.001).

Changes in the frequency of Acrididae over three months.

—

Acrididae were found only from April to June and only in the
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Figure 3.—Size distribution of prey captured by spiders from three

cohorts of Yllenus arenarim coexisting in June.

diet of juv-2 and ad-3 (Fig. 5). The youngest spiders (juv-1)

did not hunt this type of prey. In June, when the spiders

hatched, Acrididae were already four times as long as the

spiders. Although in both older cohorts (juv-2 and ad-3) the

frequency of Acrididae dropped over time, the fraction of this
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Prey order

Figure 4.—Relative frequency of iO prey orders captured by spiders from three cohorts of Yllenus arenarius coexisting in June. For juv-1, n =

35; for juv-2, n = 82; for ad-3, n = 46.

prey type was different, because in the diet ofjuv-2 it occurred

from April, and in the diet of ad-3 it did not occur before May.

As a consequence the same pattern was observed in both

cohorts, but there was a switch in time between them (Fig. 5).

In April Acrididae constituted almost 50% of all prey ofjuv-2

(n = 9), but they were totally absent in the diet of ad-3 (« =

16) (x^ = 11.83, df ^ I, F < O.Ol). In May there were no

significant differences between frequencies of Acrididae in the

diets ofjuv-2 and ad-3, but in June the differences were present

again (x^ = 10.86, df = 1, P < 0.005).

DISCUSSION

The natural diet of Yllenus arenarius is typical for

polyphagous salticids (e.g., Jackson 1977; Dean et al. 1987;

Nentwig 1987; Young 1989; Guseinov 2005). The spider’s diet

composition may directly reflect the frequency of different

prey available in the field or may result from the spider’s

preference, but to answer this question would require

additional studies, as suggested by Huseynov et al. (2008).

The spider’s diet consisted mainly of invertebrates that possess

the ability to move efficiently from one place to another (both

imaginal and larval stages). These were winged imagoes of

holometabolous insects (Diptera, Hymenoptera), larvae and

imagoes of hemimetabolous insects (Homoptera, Heteroptera,

Orthoptera) possessing jumping legs or wings that enable

effective locomotion, and Araneae that are good runners.

Slowly and inefficiently moving holometabolous larvae of

Lepidoptera and Neuroptera were relatively rare, which

suggests that they may be accidental prey.

Data collected in the current study and other studies of

spider prey suggest a correlation between the spider’s size and

its prey’s size (Nentwig & Wissel 1986; Nentv/ig 1987). Such a

relationship may result in the occurrence of different prey taxa

in a spider’s diet at different stages of its life cycle. As spiders’

body sizes change during development, young (small) spiders

and adult (several times larger) spiders may feed on, at least

partially, different prey taxa. On the other hand, since prey

body sizes may also significantly change during their

development, some prey growing more quickly than spiders

may vanish from the diet of a particular cohort of spiders,

even in a short time-scale.

Spiders from coexisting cohorts were found to exploit

different types of prey. This phenomenon was especially clear

in June, when individuals from these three groups cohabited in

the field (Fig. 4). Several prey taxa were only captured by

spiders from certain cohorts. These were Thysaeoptera

(unique diet element of the youngest spiders) and Acrididae

- present in diets of only juv-2 and ad-3. Other taxa (e.g.,

juv-l juv-2 ad-3 juv-1 juv-2 ad-3 juv-I juv-2 ad-3

April May June

Age group

Figure 5.—Comparison of the relative frequency of Orthoptera captured in April, May and June by three cohorts of Yllenus arenarius; lack of

bars in April and May indicate the absence of juv-1 in this period; juv-2 are indicated by black bars; ad-3 are indicated by grey bars.
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Homoptera, Diptera and Hymenoptera) were preyed upon by

spiders from all cohorts, but they occurred in the diets at

different frequencies.

Differences between the diets of spiders from the three

cohorts indicate changes in prey composition over a spider’s

life. Diet breadth becomes wider with age. Spiders in their first

month of life (juv-1) feed on few prey types, which are

captured in relatively high numbers. The youngest spiders

have the least variable diet, in comparison to balanced and

diverse diets of the two older cohorts (Fig. 4). These are

mainly the smallest specimens and the youngest larval stages

of hemimetabolous insects, many with limited motility. Such

groups as Aphididae and Thysanoptera are largely ignored by

older spiders (Bartos unpubl. results), but constitute a

significant proportion of prey items of the youngest generation

(Fig. 4). This distribution can be partially explained by the

small size of the prey, since older spiders may prefer larger

prey (Fig. 3). It is also possible that the smallest, often less

active, prey is relatively easy to capture by inexperienced

spiders or that some prey taxa (Aphididae in particular) are

intentionally avoided by older, more experienced spiders due

to the prey’s low food quality and acquired aversion (Edwards

& Jackson 1994; Toft 1995, 1999; Toft & Wise 1999). A similar

reaction is known for aphid prey consumed by naive but not

by experienced spiders (Toft 1997).

The majority of prey fell within 40% up to 100% of the

predator’s size, which is in accordance with general prey-size

acceptance rates for other spiders that do not build webs

(Nentwig & Wissel 1986; Nentwig 1987). Some prey items were

smaller or larger than this range, sometimes even more than

twice as long as the spider. The size extremes were exceptional,

and a preference for a certain prey sizes was apparent.

The changes in frequency of Acrididae seem to be an example

of the prey growing more quickly than the spider. Acrididae,

which hatch in April, were not found in the diet of Y. arenarius

later than in June. These insects are known to grow rapidly, and

in July they become larger than the oldest and largest spiders

from the ad-3 cohort (Bartos unpubl.). In June Acrididae may
become too large for juv-2, while they may still be in a suitable

size range for ad-3. This would explain why there are

characteristic differences in the frequencies of Acrididae in the

diets of spiders from two coexisting cohorts, as if there was a

one-month-long shift in time (Fig. 5). The rapid growth of

Acrididae is accompanied by a drop in their population density

(Bartos unpubl.), which may partially explain the drop in

number of Acrididae in the diet of spiders from both older

cohorts (juv-2 and ad-3) toward summer.

Results presented here suggest that three coexisting cohorts

of Y. arenarius exploit invertebrates of different sizes as prey

(Figs. 2, 3). If the prey length, however, is standardized on

spider length the relationship disappears, which implies that

the spiders maintain a fairly constant ratio between prey size

and their own size throughout their whole life. If predators of

different sizes select prey items of relatively fixed size

proportion to their own size, they may consume different

prey types (Branch 1984). Fixed prey-size ratio may also result

in at least partial food-niche separation in Y. arenarius. Such a

mechanism may reduce the intensity of competitive interac-

tions and may be responsible for the high densities of Y.

arenarius observed in the field.
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Abstract. The urbanization process is the motor of deep environmental changes at both local and landscape levels.

Although more and more studies are investigating the ecological consequences of urbanization, only a few have studied

small-scale responses of biodiversity to urban-rural boundary gradients, and even fewer have compared different model

groups synchronically. In this study, we compared the responses of two invertebrate groups often used as bioindicators,

spiders and carabid beetles, along small-scale boundaries (around 1 km). The following parameters were estimated:

assemblage composition, species richness, and activity-densities overall and per life history trait (habitat preference,

dispersal abilities for carabid beetles and hunting guilds for spiders). The field data were collected in 2009 using pitfall traps

set randomly in hedgerows within urban, boundary and rural zones (30 traps in total). 924 adult spiders belonging to 78

species were collected, whereas the 330 captured carabid beetles belonged to 25 species. We found no evidence of any

significant change in carabid beetle activity-density (overall and for most life history traits) or in species richness along the

urban-rural gradient. Conversely, there was a significant change in spider activity-density, both per habitat preference and

per hunting guild. We also found a progressive change in community composition for spiders. Our results suggest that

studying different model groups can provide complementary information about urbanization.

Keywords: Hedgerow, urbanization, habitat preference, trophic guild, dispersal abilities, Araneae, Carabidae

During the last decades the urban population has greatly

increased, creating intensive urban areas and encroaching on

adjacent rural areas (Douglas 1992; Fenger 1999; Weber
2003). Urbanization is defined as the installation process of

anthropogenic structures (e.g., buildings, roads) in existing

natural or farming areas, in order to satisfy human population

requirements (Croci et al. 2008). According to this definition,

the urbanization process is the motor of a deep modification in

the environment. Urbanization affects energy flows, biochem-

ical cycles, climate conditions, hydrology and soil properties

(Breuste et al. 1998; Baker et al. 2002). This important land

use change has a strong impact on biodiversity, and

progressively more studies are examining the impact of

urbanization. Currently, the main ecological questions are

how species cope with the urban environment, pollution and

the fragmentation of “natural habitats”, and how this

biodiversity is linked to the adjacent rural environment.

Recent studies indicate that biodiversity is lower in urban

environments than in agricultural landscapes (Niemela 2009),

with a decrease in both species richness and abundance in

urban areas (Blair 1996, 1999; Clark et al. 2007; Clergeau et al.

1998; Denys & Schmidt 1998; Lehvavirta et al. 2006;

McKinney 2002; Pacheco & Vasconcelos 2007; Sadler et al.

2006; Yamaguchi 2004). On this issue, the main bulk of recent

research on invertebrates has concentrated on carabid beetles

(Alaruikka et al. 2002; Niemela et al. 2002; Ishitani et al. 2003;

Gaublomme et al. 2008; Niemela 2009). Until now, only a few

studies have focused on spiders (Alaruikka et al. 2002; Magura
et al. 2010).

Most of the information published to this day has

considered long gradients (several km) from the center of the

city to the rural areas, but it is not yet clear whether the

changes are progressive along this gradient or if some sharp

transitions occur between those two highly contrasted

habitats. Transition zones between ecosystems (e.g., ecotones)

may control the flow of energy, material and organisms

between ecosystems. The functioning of the boundary is also

one of the mechanisms that may explain biodiversity patterns

(Di Castri & Hansen 1992). Most of the previous work
hypothesized, for example, exchanges between rural and

urban areas, rural areas being sources of individuals able to

colonize the city. The aim of the present study is to investigate

whether and how an urban-rural boundary will affect two

groups of arthropods in a single habitat type (hedgerows) and

over a short distance (around 1 km). Spiders and carabid

beetles were selected as model groups because they are known
to react strongly to changes in microhabitat conditions and

therefore are often used as bioindicators (Marc et al. 1999; Bell

et al. 2001; Luff et al. 1992; Rainio & Niemela 2003; Pearce &
Venier 2006).

In our research we tested the following hypotheses: 1)

According to the conclusions of Alaruikka et al. (2002) spider

and carabid beetle assemblages in urban areas differ in their

responses to an urban-rural boundary. Spiders are expected to

respond only slightly or not at all to the boundary, whereas

carabid beetles are expected to respond strongly and suddenly

to the boundary. 2) The urban environment selects for

particular ecological traits (Blair 2001). In both groups,

species from open habitats are expected to be more associated

with urban areas due to a more open, mineralized environ-

ment. As the urban environment is composed of a hostile

matrix, individuals with high capacity for (long-distance)

236
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dispersal are generally favored (Thiele 1977); more macrop-

terous species of carabid beetles are therefore expected in

urban habitats. The dispersal of spiders was not estimated

since dispersal propensity is supposed to be a non-limiting

factor in displacement and settlement for most species (e.g.,

Bell et al. 2005). As litter and vegetation structures in

hedgerows are less complex in urban habitats (Frileux 2008),

fewer web-building spiders and more cursorial spiders are

expected there (Uetz 1979).

METHODS
Study sites and sampling design.—The study site was located

at the boundary between urban and agricultural areas in Pace

(48°09'00"N, 01°46'00"W), a municipality of 8600 inhabitants

located within the conurbation of Rennes (Brittany, France),

which comprises 205,000 inhabitants. Sampling points were

set in hedgerows, the main semi-natural structures in both

areas, at five sites (with six sampling points per site), defined

according to their distance to the boundary: two in the city

(UI and U2, respectively 0-150 m and 150-300 m from the

boundary), one on the boundary (E) and two in the rural area

(R1 and R2, respectively 250-4d0 m and 950-1150 m from the

boundary) (Fig. 1). The percentage of asphalt cover was

calculated by GIS (Geographic Information System) in a

100 perimeter around each site, and the percentage of plant

cover was visually assigned to classes (0-1%, 1-5%, 5-25%,
25-50, 50-75%, 75-100%). Soil water content and tempera-

ture were measured eight times at each site during the summer
of 2009 using a W.E.T. sensor (5 cm deep) connected to a

moisture meter HH2 (both by Delta-T Devices Ltd., Cam-
bridge, UK). The percentage of asphalt cover decreased along

the urban-rural gradient, whereas the percentage of plant

cover increased along the same gradient (Table 1). Hedgerows

were mostly oriented north/south, except those located at one

urban site, which were oriented east/west. There was no effect

of sites on other habitat characteristics (Table 1), indicating

that conditions within hedgerows were similar in this respect.

Each sample point consisted of one pitfall trap (85mm
diam.) covered with a plastic roof The pitfall traps were filled

with preservation solution composed of 50% monopropylee

glycol 50% and 50% salt solution of 100 g/I (best fluid for

collecting ground-dwelling spiders: Schmidt et al. 2006). The

pitfall traps were emptied every two weeks for eight weeks

between mid April 2009 and mid June 2009.

Species identification and classification.—Carabid beetles

and spiders were preserved in 70% ethanol and stored in the

University collection (Rennes, France). Adult carabid beetles

were identified using Jeannel (1941, 1942) and Trautner &
Geigenmiiller (1987), whereas adult spiders were identified

Figure 1.—Location of the sampling sites and traps in Pace

(Brittany, France). U2 (A), U! (A), E (®), R1 (A) and R2 ( ).

using Roberts (1987, 1995) and Heimer & Nentwig (1991). The

nomenclature follows Liedroth (1992) for carabid beetles and

Canard (2005) for spiders.

Catches in pitfall traps were linked to trapping duration and

pitfall perimeter, in order to calculate an ‘activity trapability

density’ (number of individuals per day and per meter:

Sunderland et al. 1995), further abbreviated as ‘activity-

density’. In order to analyze the community responses along

the gradient, we studied species richness and total and per

ecological trait activity-densities, as well as the assemblage

composition (based on species activity-density).

Carabid beetles and spiders were classified into three classes

of habitat preference using Hanggi et al. (1995), Harvey et al

(2002), Luff (1998) and Bouget (2004): forest species (species

predominantly found in forest areas), open habitat species

(species which occur predominantly in open habitats), other

(species occurring in wet habitats and generalist species). The

dispersal abilities of carabid beetles were estimated by the

Table 1.—Habitat characteristics of five sampling sites (percentage min and max of classes of herbaceous cover, mean {± SE) for litter depth,

temperature and moisture).

U2 Ul B R1 R2

Asphalt cover (%) 48 50 12.5 4 0.5

Hedgerow exposition N-NE/S-SW Em N/S N-NE/S-SW N/S

Herbaceous cover (%) 1-5 5-25 25-50 25-50 25-50

Litter depth (cm) 0.83 ± 0.31 1.83 ± 0,56 1.08 ± 0.30 2.33 ± 0.56 1.25 ± 0.34

Temperature (° C) 14.57 ± 0.45 13.61 ± 1.07 12.97 ± 0.18 14.28 ± 0.65 15.01 ± 0.67

Moisture (%) 15.90 ± 1.19 14.21 ± 0.48 il.93 ± 1.1 13.19 ± 1.55 12.45 ± 2.04
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development of wings (e.g., Hendrickx et al. 2007), and species

were classified as macropterous, apterous or dimorphic, in

accordance with research by Lindroth (1992) and Desender et

al. (2008). Spiders were classified according to their hunting

habits (Uetz et al. 1999): web builders, ambushers and ground

runners.

Statistical analysis.—In order to analyze patterns of species

composition along the urban-rural boundary gradient, multi-

variate analyses on activity-density of all species were

performed using the software CANOCO (Ter Braak &
Smilauer 2002). The choice between linear (Principal Compo-
nent Analysis: PCA) or unimodal (Correspondence Analysis:

CA) analyses depended on the length values of the first axis

gradient previously realized with DCA (Detrended Corre-

spondence Analysis).

In order to test differences in species richness and density-

activity (total and per ecological trait) between the five sites,

GLM with quasi-Poisson distribution was performed using

data from the individual traps (Vincent & Haworth 1983;

O’Hara & Kotz 2010). When GLM revealed a significant

effect of site factor, Tukey’s post-hoc tests with Bonferroni

correction for multiple comparisons were performed between

mean parameters. The resulting data were analysed with R
software (R Development Core Team 2009).

RESULTS

Description of the fauna.—In total, 924 spiders of 78 species

representing 15 families were collected, among which Lycosi-

dae were dominant (51% of all individuals), followed by

Linyphiidae (14.5%); Thomisidae (5.9%); Dysderidae (4.9%)

and Gnaphosidae (3.9%). Individuals from five species,

Pardosa prativaga (Koch 1870), Pardosa amentata (Clerck

1757), Alopecosa puherulenta (Clerck 1757), Pardosa lugubris

(Walckenaer 1802), and Ozyptila praticola (Koch 1837),

accounted for more than 40% of all catches.

In total, 330 individuals of carabid beetles belonging to 24

species and 15 genera were collected. Three species, Nebria

brevicollis, Pterosticus cupreus and Notiophilus quadripuncatus,

accounted for more than 50% of all catches.

Changes in species assemblage along the gradient.—Axis 1 of

the PCA on spider assemblages (Fig. 2) represented 24.6% of

inertia, and Axis 2 represented 11.0% of inertia. Axis 2

segregated urban sites from rural ones; the boundary traps

were located between those from urban and rural sites. Rural

traps were characterized by P. lugubris, Tegenaria picta Simon

1870, Dysdera erythrina (Walckenaer 1802) and Pardosa

saltans Topfer-Hofmann 2000.

Axis 1 of CA on carabid beetle assemblages (Fig. 3)

represented 15.9% of inertia, and Axis 2 13.0% of inertia.

Boundary sites were included in envelope rural group. Axis 1

segregated urban traps from rural-boundary ones. Urban
traps were mainly characterized by N. brevicollis, Badister

bipustulatus and Asaphidion stierlini, whereas boundary and

rural traps were characterized by Carabus intricatus, Harpalus

tardus and Agonum moestum.

Changes in species density and species richness along

the gradient.—There was a significant effect of sites on the

total activity-density of spiders and the activity-density of

“other habitat” species (F14 = 4.90, P = 0.005 and Fu =

4.45. P = 0.007, respectively), but post-hoc tests did not reveal

significant differences between sites. The species richness and

activity-density of forest species and web builders were not

significantly different between sites (F/ 4 = 0.66, P = 0.625;

F/,4 = 0.73, P = 0.578 and F/j = 0.18, P = 0.946,

respectively), but there was a significant effect of sites on the

activity-densities of open-habitat species (F/ 4 = 4.88, P =

0.005; Fig. 4a), ambushers (F/.^ = 4.19, P = 0.009; Fig. 4b)

and ground runners (F/ 4 = 6.06, P < 0.001; Fig. 4c).

For carabid beetles, sites had no significant effect on most

explanatory variables tested (species richness: Fjj = 1.24, P =
0.321; total activity-density: F/ 4 = 1.93, P = 0.14; activity-

densities of dimorphic and macropterous species: F, 4 = 0.50,

P = 0.738 and F/ ^ = 2.29, P = 0.087, respectively; activity-

densities of forest, open and other habitat species: Fi 4 — 2.24,

P = 0.094; F,,4 = 1.48, P = 0.237 and F/,4 = 2.16, P = 0.103,

respectively). There was a significant effect of sites only on the

activity-density of apterous species (F/ 4 = 2.78, P — 0.048),

but post-hoc tests did not reveal significant differences

between sites.

DISCUSSION

Contrary to carabid beetles, the composition of spider

assemblages in the boundary was intermediate between those

from urban and rural habitats. Characteristic species for

urban habitats were Enoplognatha thoracica (Hahn 1833), Tiso

vagans (Blackwall 1834) and Troxochrus scabriculus (Westring

1851) and, for rural habitats, P. lugubris, T. picta, D. erythrina

and P. saltans. In addition, changes in activity-density were

either null, or progressive, indicating a general non-sharp

response of spider assemblages to the boundary. That result

was mainly due to species with low to medium activity-

densities, whereas dominant species (i.e., A. pulverulentata, P.

amentata and P. prativaga) were distributed along the whole

urban-rural transect. The latter species are all widely

distributed in Europe and occur in a wide variety of habitats

(Harvey et al. 2002; Le Peru 2007).

This progressive change between urban and rural habitats

was also observed in relation to habitat preferences. The

activity-densities of species from open habitats increased

smoothly from urban to rural habitats. That result is quite

different from previous studies (and from our expectation),

which showed that species from open habitats were associated

with urban areas, whereas forest species were more frequently

found in rural habitats (e.g., Magura et al. 2004). Yet, it is

important to note that most previous studies were carried out

in woodlands, not in hedgerows, as was the case here. No
response was found from the web-builder guild, but that can

be easily explained by the lack of efficiency of pitfall trapping

for that guild (e.g. Churchill 1993). The patterns of hunter

guilds (ambushers and ground runners) along the gradient do

not especially support the view of a progressive response, but

instead present, as expected, a lower activity-density in urban

habitats. That general negative impact of urbanization is in

accordance with most studies carried out along (long) urban-

rural transects (Denys & Schmidt 1998; Blair 1999; Yama-
guchi 2004; Lehvavirta et al. 2006; Sadler et al. 2006; Clark et

al. 2007; Pacheco & Vasconcelos 2007), but appears more in

contradiction to the few studies specifically focused on spiders

along large-scale urban-rural gradients (Alaruikka et al. 2002;

Magura et al. 2010).
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Figure 2.—Ordination diagram of the first two axes of Principal Component Analysis for 75 spider species (asterisk). For projection, the

species fit range is from 1% to 100%; 43 species are represented and 30 samples. Abbreviations: U2 (A), U1 (A), E (@), R1 (

^

) and R2 ( ).

The envelopes (solid lines) group urban (U1-U2), rural (R1-R2) and boundary (E) sites. Species: Agrbr = Agroeca brunnea (Blackwall 1833);

Alopu = Alopecosa pulverulenta (Clerck 1757); Arcle = Arctosa leopardus (Sundevall 1833); Aulal = Aulonia albimana (Waickenaer 1805); Batgr

= Bathyphantes gracilis (Mackmll 1841); Censy = Centromerus sylvaticus (Blackwall 1841); Cerbr = Ceratinella brevipes (Westring 1851); Cersc

= C. scabrosa (Cambridge 1871); Ciuco = Clubiona comta Koch 1839; Dipla = Diplocephalus latifrons (Cambridge 1863); Dippi = D. picinus

(Blackwall 1841); Drala = Drassodes lapidosus (Waickenaer 1802); Dyser = Dysdera erythrina (Waickenaer 1802); Enoth = Enoplognatha

thoracica (Hahn 1833); Gonru = Gongylidium rufipes (Linnaeus 1758); Hahna = Hahnia nava (Blackwall 1841); Hapsl = Haplodrassus silvestris

(Blackwall 1833); Harho = Harpactea hombergi (Scopoli 1763); Micpu = Micaria pulicaria (Sundevall 1831); Micvi = Microneta viaria

(Blackwall 1841); Ozypr = Ozyptila praticola (Koch 1837); Ozysi = O. simplex (Cambridge 1862); Paccl = Pachygnatha clercki Sundevall 1823;

Pacde = P. degeeri Sundevall 1829; Param = Pardosa amentata (Clerck 1757); Parho = P. hortensis (Thorell 1872); Parlu = P. lugubris

(Waickenaer 1802); Parpo = P. proxirna (Koch 1848); Parpr = P. prativaga (Koch 1870); Parpu = P. pullata (Clerck 1757); Parsa = P. saltans

Topfer-Hofmann 2000; Phrmi = Phrurolithus minimus Koch 1839; Pocju = Pocadknemis juncea Locket & Miilidge 1953; Stegr = Steatoda

grossa Koch 1838; Tegpi = Tegenaria picta Simon 1870; Tisva = Tiso vagans (Blackwall 1834); Troru = Trochosa ruricola (de Geer 1778); Trosc

= Troxochrus scabriculus (Westring 1851); Trote = Trochosa terricola Thorell 1856; Xyscr = Xysticus cristatus (Clerck 1757); Zelap = Zelotes

apricorum (Koch 1876); Zelpe = Z. pedestris (Koch 1837); Zelsu = Z. subterraneus (Koch 1833); Zorsp = Zora spinimana (Sundevall 1833).

For carabid beetles, neither classical parameters (density-

activity and species richness) nor parameters derived from life

history traits varied along the urban-rural boundary gradient,

invalidating pro parte our expectations. That result is also

contradictory to most studies that reveal a strong negative

impact of urbanization (e.g., Alaruikka et al. 2002; Ishitani et

al. 2003). It must be stressed that our study originally

investigated a very small-scale response (around 1 km),

whereas most studies indicated some changes in carabid beetle

species richness only after more than 3 km (e.g., Weller &

Ganzhorn 2004). The length of the gradient studied here

would thus be too short to reveal some responses of carabid

beetles, known to react to changes in landscape structure

(Burel et al. 1998). Changes in assemblage composition along

the urban-rural boundary gradient as revealed by multivariate

analysis included the discrimination of two groups, associated

with the urban and rural-boundary habitats. Urban habitats

were dominated by N. brevicoHis, whose activity-densities

strongly decreased in rural habitats. That species was already

known to occur mainly in urban areas (Weigmann 1982).
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Figure 3.—Ordination diagram of the first two axes of Correspondence Analysis for 25 carabid species (asterisk) and 30 samples.

Abbreviations: U2 (A), U1 (A), E (®), R1 ( ) and R2 ( ).The envelopes (solid lines) group urban (U1-U2), rural (R1-R2) and boundary (E)

sites. Species: AGRU = Agonum dorsalis (Pontoppidan); AGMO = A. moestum (Dufts 1812); ASFL = Asaphidion Jlavipes (Linnaeus 1761);

ASST = Asaphidion stierlini (Heyden 1880); BABI = Badister bipustulatus (Fabricius 1792); BEDE = Benibidion dentelhmi (Thunberg 1787);

BELA = B. lampros (Herbst 1784); CAIN = Carabus intricatus Linnaeus 1761; DIGE =Diachronnis germanus (Linnaeus 1758); HAAE =

Harpalus affinis {F'dhricius 1792); HARU = H. riibripes{De Geer 1774); HARF = H. nifipes (De Geer 1774); HATA = H. (Panzer 1796);

LEFU = Leistus filviharbis (Dejean 1826); LOPI = Loricera pilicornis (Fabricius 1775); NEBR = Nebria brevicollis (Fabricius 1792); NBSA =

N. salina Fairmaire & Laboulbene 1854; NOBI = Notiophilns higiittatus (Fabricius 1779); NOQU = N. quadripimctatus (Dejean 1826); OOHE =

Oodes helopioides (Fabricius 1792); PTCU = Plerostichus cupreus (Linnaeus 1758); PTMA = P. madidus (Fabricius 1775); PTME = P.

incdaiuirius (Illiger 1798); PTNG = P. nigrita (Paykull 1790).
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sites

Figure 4.—Mean activity-density (± SE) of spiders per site along the urban-rural boundary gradient, a) open habitat species, b) ambushers, c)

ground runners. Significant differences are assigned by different letters above bars.

Boundary and rural habitats were conversely characterized by

C. intricatus, a forest species (e.g., Desender et al. 2008).

Further studies should thus investigate the importance of

hedgerow connectivity in forest species colonization.

As revealed by multivariate analyses, spider and carabid

beetle assemblages exhibited different types of responses along

an urban-rural boundary gradient. Spiders exhibited a rather

progressive response, whereas it was almost null for carabid
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beetles. This difference may be attributed to differences in

dispersal abilities and in sensitivity to environmental factors,

or to an interaction between these two variables. Spiders are,

for example, known to be sensitive to variation in litter depth

(Uetz 1979), possibly at a higher magnitude than carabid

beetles (Petillon et al. 2008). It has been shown that species

with high dispersal abilities are more sensitive to local habitat

factors, whereas species with poor dispersal capacity are more

dependent on large-scale, landscape factors (Croci et al. 2008).

Carabid beetles would thus respond strongly to changes in

landscape structure and spiders to continuous changes in local

factors, which could explain, together with their high dispersal

tendency (for both short and long distances: Bell et al. 2005),

their progressive response along an urban-rural boundary

gradient. It must finally be stressed that the different responses

of the two groups studied may also be attributed to the low

number of carabids caught and to some co-varying factors

likely to create heterogeneity among traps or sites from one

single area. Differences in hedgerow orientation are, for

example, known to influence spider assemblage composition,

at least for vegetation-dwelling species (Ysnel & Canard 2000).

In conclusion, this study highlights the importance of

comparing several model groups synchronically, since their

scale of sensitivity to environmental factors, and thus their

response to a given process, may differ.
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Phenological dynamics of web-buUding spider populations in alfalfa: implications for biological control

Kelton D. Welch, Philip R. Crain and James D. Harwood: Department of Entomology, University of Kentucky,

Lexington KY 40546-0091, USA. E-mail: kelton.welch@uky.edu

Abstract. Web-building spiders form a major component of the generalist predator fauna in arable fields. They have been

purported to contribute to the biological control of pests such as aphids and leafhoppers. However, their successful

contribution to pest suppression is contingent upon their ability to adapt to highly-disturbed agroecosystems. We examined

the population dynamics of these important natural enemies to compare phenological patterns in relation to crop cycles

among species in an alfalfa agroecosystem using quadrat-based sampling and time-series analysis. Three common species of

web-building spiders had generation times similar to the duration of a crop cycle (31 to 44 days), with peak abundances of

adult spiders occurring at 15-18 days after harvest. The timing of these peaks corresponds with the critical early phase of

the pest population cycle, during which natural enemies can have the maximum impact on pest populations, suggesting that

these spiders are capable of contributing to pest suppression as part of an assemblage of natural enemies.

Keywords: Generalist predators, time-series analysis, population dynamics, disturbances, Linyphiidae

Spiders are an important component of the community of

arthropods frequenting agroecosystems, often outnumbering

most or all other groups of natural enemies (Nyffeler &
Sunderland 2003), and feeding on many important pest

species, such as aphids and leafhoppers (Nyffeler 1999;

Harwood et al. 2004). The potential for generalist predators,

such as spiders, to contribute to pest regulation has been an

important focus of the biological control literature (Riechert &
Lockley 1984; Nyffeler & Sunderland 2003). Generalist pre-

dators usually experience loose, diffuse dynamical links with

any specific prey item and thus are thought to be less likely to

respond heavily to changes in the populations of a specific pest

(Hagen & van den Bosch 1968; Symondson et al. 2002). This

contrasts with the tightly-coupled relationships of specialist

natural enemies with their pest prey, which provide them an

advantage in terms of responding to specific prey items.

However, such highly synchronized dynamics can place them

at a disadvantage in shifting environments (e.g., frequently

harvested crops), in which pest population cycles can deviate

unexpectedly from the conditions to which the specialist is

adapted. In such instances, species with polyphagous habits

and multivoltine life cycles have the flexibility to persist even

as pest populations fluctuate, or before pest populations have

been established (Settle et al. 1996; Scheu 2001), thereby

exerting predatory pressure when pest populations are

establishing and growing (Landis & van der Werf 1997;

Harwood et al. 2004, 2007). This is important because the

early, establishment phase of pest population growth is critical

in the context of biological control and is the time during

which the greatest impact by natural enemies can be realized

(Ekbom et al. 1992).

Despite these favorable traits, the ability of generalist

predators to contribute to pest regulation through early-

season predation is challenged by the disturbances caused by

agronomic practices, which impact predators as much as, if

not more than, pests. Thus predators are required to adapt to

cyclical agronomic disturbances (such as crop harvests), which

can potentially neutralize their advantage as natural enemies.

Such adaptations become increasingly important as the level

of disturbance in crops increases. For example, forage crops.

such as alfalfa, Medicago saliva L. (Fabales: Fabaceae), are

harvested several times during any growing season, presenting

spiders with only ephemeral habitats in which to forage for

prey and complete development. These conditions are highly

disruptive to the synchronized dynamics of specialist predators

and their prey, but may be conducive to ruderal, generalist

predators with rapid life cycles, such as web-building spiders.

Indeed, the cyclical disturbances in these systems may favor

spiders with very specific life-cycle characteristics.

Web-building spiders constitute a large portion of the spider

fauna in North American alfalfa fields (Birkhofer et al. 2007).

The family Linyphiidae, for example, includes a large number
of agrobiont species with varying life cycle characteristics,

including univoltine, bivoltine and multivoltine species (Wise

1984; Thorbek et al. 2003; Bolduc et al. 2005). In alfalfa

systems, a polyphagous diet and a multivoltine life cycle could

allow persistence in spite of intensive disturbances.

Herein, we present population data on web-building spiders

collected by absolute population sampling in quadrats in a

North American alfalfa agroecosystem throughout an entire

growing season. The objective of this research is to examine

the dynamics of spider populations in a highly disturbed

agroecosystem, with the intent of determining life-cycle and

phenological patterns in relation to agronomic disturbances.

Our hypothesis is that the disturbances of crop management

will select for specific life-cycle phenologies. We thus predict

that the most common species will display life cycles that

closely match the crop cycles in alfalfa.

METHODS
Study site.—This research was performed in two alfalfa

fields (total area: 10.8 ha) at the University of Kentucky

Spindletop Research Farm, Lexington, KY, USA (GPS co-

ordinates: 38°07'32"N, 84°30'43"W) during the spring and

summer of 2009. As a fast-growing forage crop, alfalfa was

harvested repeatedly at approximately five-week intervals

throughout the growing season (April-October), making it

an excellent model system for studying disturbance-mediated

population dynamics of generalist predators. In central

Kentucky, important pests of alfalfa that are captured by
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web-building spiders include the pea aphid, Acyrthosiphon

pisum (Harris) (Sternorrhyncha: Aphididae) (Romero and

Harwood 2010), and the potato leafhopper, Empoasca fabae

(Harris) (Auchenorrhyncha: Cicadellidae) (Harwood and

Obrycki 2007). A. pisum populations are high early and late

in the season, but drop during the middle of the season

(Harper et ai. 1990). In contrast, E. fabae population densities

in alfalfa are high throughout the middle of the season

(Emmen et al. 2004).

Field sampling.—To collect spiders, the alfalfa fields were

divided into a total of 50 grid squares (approximately 2160 m^/

grid). On five days each week, a 0.25-m" quadrat was placed

within approximately 10 randomly selected grids, such that all

50 grids were sampled once each week. This quadrat-based

technique was favored over trapping techniques in order to

provide a direct measure of absolute population densities

(spiders per unit area), as opposed to activity-densities, to

enable reliable analysis of population data. Within each

quadrat, spiders were collected from webs by hand and

preserved in 95% ethanol for identification.

The period of time analyzed here encompasses two complete

alfalfa growth cycles, beginning after the first harvest of the

season (18-19 May). Two additional harvests occurred on 26-

27 June and 7-8 August. Alfalfa was cut early in the m.orning

and allowed to dry in situ for approximately 24 h before

raking and baling, at which point it was removed from the

field. No pesticides were sprayed in these fields or adjacent

crop fields during the study period.

Species Identifications,—Genus-level identifications were

based on Ubick et al. (2005), and species-level identifications

were based on Hormiga & Ddbel (1990) and Crosby & Bishop

(1928). Three species of spiders were used in this study:

Tennesseellum formicum (Emerton 1882) (Araneae: Linyphii-

dae: Linyphiinae), Erigone autumnalis Emerton 1882 (Ara-

neae: Linyphiidae: Erigoninae), and Glenognatha foxi

(McCook 1894) (Araneae: Tetragnathidae). These three

species combined comprised approximately 80% of the web-

building spider community in collections. Immature T.

formicum and G. foxi could be identified by comparison to

laboratory-reared specimens, using the following protocols. T.

formicum is distinguished from other linyphiid spiders in our

system by the spiracle, which is separated from the spinnerets.

This character is visible in immature spiders, as well. G. foxi is

distinguished from the only other tetragnathid spider in our

system, Tetragnatha laboriosa Hentz 1850, by habitus, having

a subspherical abdomen as opposed to the elongate, oval

abdomen of T. laboriosa. Immature E. autumnalis could not be

reliably distinguished from other erigonine spiders found in

the system-Grammonote inornata Emerton 1882 and Mermes-
sus (three species)-and are thus excluded from this study.

Voucher specimens of all species were deposited in the

University of Kentucky Insect Collection.

Data analysis.—Population density data for adult spiders of

all three species were analyzed using sample autocorrelation.

Density (spiders/m^) of each species was calculated for each

sampling day. Sampling data were not collected uniformly,

and since autocorrelation analysis requires uniformly distrib-

uted time series, the seven-day moving average of each date

was calculated. A seven-day moving average was chosen

because seven days corresponds to the largest gap between

sampling dates (see Rasmussen et al. [2001] for discussion of

time series analysis.) Each uniform time series was analyzed

using the autocorrelation function in MATLAB version

7.10.0.499 R2010a (function autocorr. The MathWorks, Inc.,

Natick, Massachusetts, USA). This technique can qualitatively

determine the stationarity and periodicity in time-series data

(Turchin and Taylor 1992), and can identify regions in a time

series that are significantly correlated with one another. In

effect, it estimates the lag time betv/een successive peaks (a

positive correlation) or betv/een an adjacent trough and peak (a

negative correlation) over a time series. In the present study,

positive correlations were interpreted as generation times in

alfalfa, while negative correlations were interpreted as estab-

lishment times; i.e., the time between a density trough (which

occurred at each harvest) and a subsequent density peak.

In addition, a similar analysis was run on two life stages

(immatures versus adults) of T. formicum and of G. foxi (E.

autumnalis was omitted because immatures could not be reliably

identified). Protocols were identical to those used to analyze the

adult data sets, except that the crosscorrelation function in

MATLAB (function crosscorr) was used. This function works

similarly to the autocorrelation function, except it compares a

pair of time series to one another instead of comparing different

regions of the same time series. In this case, a positive correlation

corresponds to the lag between the peak of one time series and

the peak of the other, while a negative correlation corresponds

to the lag between the peak of one time series and the trough of

the other. For species with discrete generations, positive

correlations estimate the duration of the final instar. Negative

correlations, while producing significant signals in analyses, can

be regarded as an artifact of the analysis, and do not carry any

biological meaning for this data.

RESULTS

Collection data show two peaks in density of adult females

for each species (Fig. 1), indicating that two generations were

completed within the 75-day study. Each of the three spider

species had unique time lags (generation times) between

successive peaks in adult densities (Fig. 2): T. formicum had

a significant positive autocorrelation at a 44-day lag, E.

autumnalis had a significant positive autocorrelation at a 40-

day lag, and G. foxi had a significant positive autocorrelation

at a 31 -day lag. Significant negative autocorrelations occurred

at a lag (establishment time) of 15 days for T. formicum,

18 days for E. autumnalis, and 17 days for G. foxi.

In the life-stage analysis for T. formicum (Fig. 3), the positive

crosscorrelation at -4 days suggests that the final instar for T.

formicum lasts only 4 days, and indicates that this species

undergoes a cyclical pattern of discrete generations. For G.foxi

(Fig. 4), a pattern of discrete generations was also uncovered,

and the final instar lasts 9 days; however, strong crosscorrelation

values were also present at other lag times, suggesting G. foxi

populations experience additional periodic fluctuations that T.

formicum populations do not experience. These results suggest

other periodic factors, such as seasonal effects (as opposed to

crop cycle), influence the life-stage distribution of this species.

DISCUSSION

This research has provided evidence that web-building

spider population dynamics closely match the cyclical
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Figure 1.—Seven-day moving average density (solid lines) of three spider species during two alfalfa crop cycles. Raw density data are shown

as bars on the day of collection. Harvests occurred at day 0 (19 May), day 37 (26 June; vertical dotted line), and day 75 (7 August; end of

sampling period).

disturbance patterns in an alfalfa agroecosystem. Harvests

occurred approximately 40 days apart, and spider generation

times closely matched this. In addition, the lowest densities of

active life stages for these spiders occurred very close to

harvest, while peak densities occurred within 2.5 wk of harvest

for all three species. This has important implications for the

pest suppression activity of these spiders. Emmen et al. (2004)

showed that potato leafhopper immigration into Pennsylvania

alfalfa reaches its highest rates 2-3 wk after the alfalfa is

harvested, indicating that adult spiders are at their highest

densities during the critical establishment phase in the

leafhopper population cycle, thereby suggesting that these

spiders can play an important role in leafhopper suppression

early in the growth cycle. However, Birkhofer et al. (2007)

showed that pea aphid populations in Kentucky alfalfa can

return to pre-harvest densities within 2 wk after harvest, and

similar results were found in Canadian alfalfa (Harper et al.

1990). This indicates that web-building spider dynamics are

not optimized for suppression of aphids by adult spiders;

however, immature spiders are present and accumulating in

the habitat during the critical establishment phase of the aphid

population cycle and thus may still contribute to aphid

suppression to some extent.

Particularly noteworthy is the timing of spider population

peaks and troughs. Densities of adults of each species reached

their lowest densities very near the time of harvest (Fig. 1).

Other authors have previously shown strong negative effects

of management disturbances on predator populations (Thor-

bek & Bilde 2004; Oberg & Ekbom 2006). It is tempting to

apply this explanation to the dynamics of G. foxi, which

appear not to have completed a full population cycle before

the end of the first crop cycle and to have declined in density

Figure 2.—Autocorrelation functions for each of three species of spider in an alfalfa agroecosystem. In each panel the dashed lines represent

“ '
< confidence intervals and arrows mark the strongest negative and positive autocorrelation, a) Tennesseelliimformiatm; b) Erigone autumnalis',

< ilenognatlia foxi.
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Figure 3.—a) Seven-day moving average density of Tennesseelliim fonniciim adults and immatures during an alfalfa growing season. At day 0

and 37, the alfalfa was harvested, b) Crosscorrelation analysis between adult and immature T. fonniciim. Crosscorrelation analysis finds

temporal patterns in correlated time series.

after the harvest. However, the density of active stages of T.

formicum clearly declined steadily throughout the latter half of

the crop cycle until reaching its lowest level at harvest. The
decline of this species thus does not appear to be related to the

disturbance from harvest, but to a pattern of discrete

generational phenology in which the egg stage—which was

not sampled in this study — coincides with harvest. Thus, the

phenology of T. formicum may be a pre-adaptation to the crop

cycles of alfalfa and allow this spider to persist in high

numbers in this agroecosystem. Interestingly, Bolduc et al.

(2005) uncovered a bivoltine/trivoltine life cycle for this species

in Quebec vineyards, with a time lag between successive

generational peaks that closely approximated the time lag we
uncovered, indicating that the findings of the present study are

not a specific adaptation to the alfalfa system, but a general

characteristic of the species. However, the egg stage for T.

formicum is completed in approximately 10 days under

laboratory conditions (K.D. Welch unpublished data). Thus,

we should expect the peak density of immatures to occur

within 10 days of the prior adult peak. However, in field

collections, the gap between the peak density of adults and the

subsequent peak density of immatures is approximately

40 days, four times the duration of the laboratory egg stage.

This suggests that either 1) the egg stage lasts considerably

longer in the field than in the laboratory (although Thorbek et

al. (2003) found that linyphiid eggsac development times of

40 days occurred only at temperatures of < 12° C); 2) the

subsequent peak of immatures does not derive from eggs laid

at peak adult densities, but from eggs laid later in the

population cycle; or 3) spider hatchlings undergo a prolonged

stage in which they do not utilize webs and thus were not

collected by our web-centric sampling protocols.

Figure 4.—a) Seven-day moving average density of Glenognathci foxi adults and immatures during an alfalfa growing season, b)

Crosscorrelation analysis between adult and immature G. foxi.
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Additionally, a qualitative assessment of the collection data

suggests that during the first crop cycle adult density peaks

were staggered across species, producing a successioe-like

dynamic in which each species is associated with a specific

phase in the crop cycle (Fig. 1). However, in the second crop

cycle, this staggered pattern in density peaks disappeared, and,

consequently, the time lags calculated when both cycles are

incorporated did not differ substantially. The staggered

dynamic may have been simply a coincidence, or it may have

been an effect of phenological shifts in the community across

crop cycles due to seasonality and the timing of population

cycles for different species. For T. formicum, peak densities of

each life stage were comparable across crop cycles, both in

timing (relative to one another and relative to harvest) and in

magnitude, which may indicate a stable generational dynamic

in which the observed densities represent a maximum enforced

by resource limitations or predation/competition pressures

and suggest that the four-day estimate of the final iestar

duration is accurate. However, in the life-stage analysis of G.

foxi, strong periodic signals were uncovered at time lags longer

than the generation time (Fig. 4). This is likely related to a

seasonal phenological dynamic: immature G. foxi peaked at

higher densities than adults during the first crop cycle, while

adults peaked at higher densities than immatures during the

second crop cycle. It is possible that the adult peaks for this

species do not represent two discrete generations at all, but a

single generation (or pattern of overlapping or indiscrete

generations) interrupted by a harvest, with migration modu-
lating the dynamics following harvest (cf. Thorbek & Bilde

2004; Gavish-Regev et al. 2008). This is supported by the

observation that adult G. foxi reached peak densities much
sooner after the second harvest than they had after the first,

and the observation that, during the second crop cycle, the

adult density peak occurs before the immature density peak.

This may explain why the “generation time” obtained for G.

foxi was so much shorter than for T. formicum: both

generation time and final instar duration were likely under-

estimated for G. foxi by assuming that the two peaks in adult

density represented two discrete generations. It also suggests

that the timing of harvest will impact whether or not these

spiders’ pattern of occurrence in the latter part of the season

will repeat the staggered pattern of the earlier part of the

season, and that agronomic disturbances in crop systems have

the potential to alter patterns of natural enemy community
structure across the growing season.

The phenology of web-building spider life cycles closely

matches the phenology of an alfalfa agroecosystem. Spider

populations were able to survive agronomic disturbances in

the egg stage and build up densities of active stages rapidly

thereafter, allowing them to be present in time to contribute to

some extent to the suppression of alfalfa pests. However, these

data indicate the presence of other factors influencing spider

population cycles, including seasonal and developmental

dynamics, as well as potential dispersal patterns, and further

work will be needed to elucidate these dynamics.
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Abstract Sabella bmincourti Vaillant 1909 from the Eocene of northern France is a little-known trace fossil subsequently

attributed - as Cteniza bavincourti - to the burrowing activities of a trapdoor spider. It is thus an ichnospecies name and not

a body fossil. Its interpretation as the activity of a spider is questionable and its original assignment to a worm burrow

seems intuitively more likely. Irrespective of the affinities of the producer, the ICZN also covers ichnotaxa such that

classifying these structures under a modern genus name creates a homonym. It is here reassigned as the ichnotaxon Oichnus

bavincourti comb, nov. Another problematic name is Theridium columbianum (Scudder 1878) from the Eocene of Canada
and the USA, which is based on fossilized spider egg sacs. Under current ICZN rules fossil cocoons fall under the definition

of “work of an animal”. We propose reassigning them here to Araneaovoidus igen. nov., as Araneaovoidus columbiae

(Scudder 1878) comb, nov.; but stress that this is now a trace fossil name. Similar problems underlie fossilized galls

attributed (probably correctly) to mites, but assigned to living eriophyid mite genera. Fossil galls are the preserved

pathological reactions of plant tissue and are also not ichnotaxa sensu Bertling et al. (200'6). We propose that these mite

names lie outside the bounds of zoological nomenclature. Within the broader context of arachnid-related trace fossils we
briefly review the literature on fossil spider webs, as well as putative arachnid trackways such as Paleohelcura Gilmore 1926

and Octopodichnus Gilmore 1927.

Keywords: Burrow, egg sac, gall, trackway

The fossil record of arachnids is not limited to their body

fossils. A variety of trace fossils such as fossilised trackways,

burrows and even webs have been recorded, but confusion has

persisted in the literature concerning their classification.

During a project to catalogue names of fossil spiders and

their relatives (Dunlop et ai. 2011), the species Cteniza

bavincourti (Vaillant 1909), from the Eocene of northern

France, was noted in the catalogue of Bonnet (1956).

Examination of the original description, and a subsequent

reinterpretation by Leriche (1910), revealed that the name is

associated with a trace fossil in the form of a series of tubular

burrows (Fig. 1). Vaillant thought that they were worm tubes.

Leriche, by contrast, regarded them as the burrows of

trapdoor spiders - whereby both authors effectively assigned

the name bavincourti to extant animal genera. Tying a trace

fossil to a specific producer is notoriously difficult, but given

that the International Code of Zoological Nomenclature

(ICZN) covers ichnotaxa, as well as body fossils and living

animals, we choose to exclude bavincourti from the extant

genera Sabella Linnaeus 1767 and Cteniza Latrielle 1829, to

which it had been previously assigned, and place it in an

ichnogenus proposed by Bromley (1981).

As part of a wider review of arachnid-related trace fossils,

we also draw attention here to fossil spider eggs (Fig. 2)

currently assigned to a modern spider genus. The naming of

fossil eggs is a grey area in taxonomy, for which some authors

have adopted a ‘parataxonomic’ approach (see below).

Similarly, there are three named examples of mite-induced

galls (Fig. 3), all assigned to common, living gall mite genera

(Acari: Actinotrichida: Eriophyoidea). While (fossil) galls do

not fall under the strict definition of an ichnotaxon sensu

Bertling et al. (2006; see also below), they are still treated as

‘the work of an animal’ in the ICZN code. We argue here that

as the pathological responses of a plant, they should not be

treated as ‘work’ in the strictest sense and should be excluded

from being names in zoology. Finally, to round off this trace

fossil review, we offer a brief summary of fossil spider webs -

which Bertling et al. do consider the ‘work of an animal’ - and

those arthropod trackways (Figs. 4, 5) that have traditionally

been attributed to arachnids.

FOSSIL BURROWS

Oichnus Bromley 1981

Oichnus bavincourti (Vaillant 1909) comb. nov.

(Fig. 1)

Sabella (?) Bavincourti Vaillant 1909:280, fig. 1.

Cteniza Bavincourti (Vaillant); Leriche 1910:371; Bonnet

1956:1266.

Material.

—

Holotype: FRANCE: Pas-de- Calais: SE of the

village of Bavincourt, 22 km SW of Arras, Paleogene; Eocene,

(holotype not seen), no repository details given.

Remarks.—Vaillant (1909) described a series of putative

animal burrows (Fig. 1) in ‘landeniens’ sandstones of Eocene

(ca 55-59 Ma) age from a locality near Bavincourt in northern

France. In the original description these were tentatively

assigned to Sabella Linnaeus 1767 - an extant group of

polychaete annelids known variously as fan or peacock worms.

Shortly afterwards, Leriche (1910) reassigned these fossils to the

Recent spider genus Cteniza Latrielle 1829, presumably under

the assumption that the sediments were terrestrial rather than

marine in origin and that the holes in the rock were the

fossilized burrows of trapdoor spiders. Cteniza has four valid

extant species (Platnick 2011) distributed across France, Italy

(and their associated Mediterranean islands) as well as Central

Asia. Thus the assignment of a French putative fossil spider

250
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Figure 1.—Copy of the original photograph of ISabella [= Cteniza] havincourti Vaillant 1909 from the Eocene of Bavincourt, Pas-de-Calais,

France. The larger holes labeled ‘A’ were originally interpreted as the activity of fan or peacock worms, but were subsequently suggested by

Leriche (1910) to be burrows made by trapdoor spiders. They are reassigned here to an ichnogenus as Ooichnus havincourti (Vaillant 1909) comb,

nov. The smaller holes labeled ‘a’ were originally interpreted as mollusk borings. Reproduced from Vallient (1909:fig. 1). Original specimen was

ca 30 cm across.

burrow to this genus can, at a certain level, be understood.

However, we must reiterate that Cteniza havincourti is an

ichnospecies, rather than a body fossil, and does not provide

direct evidence for an Eocene (34-56 Ma) record of Cteniza.

Irrespective of the likely affinities of the producer, an

ichnospecies should not be assigned to a modern (living) animal

genus. To quote Bertling et al. (2006, p. 265): “...ichnotaxa

must not be incorporated into biological taxa in systematics.”.

%
»,!

\
Figure 2.—Copy of some original drawings of Araneaovoius columbiae (Scudder 1878); reproduced from Scudder (1890, pi. 2, figs. 1, 2). These

fossil egg cocoons from Florissant or Green River, USA, were probably made by spiders and originally described under Araneiis (as Arauea),

later under Theridium (now Theridion). Whether egg cocoons are trace fossils per se is debatable (see text for details), but the fossils are referred

here to a new ichnogenus.
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Figure 3.—Holotype of Phytoptus antiqims von Heyden 1860, from the Miocene of Salzhausen, Hessen, Germany, held in the Senckenberg

Research Institute and Natural History Museum, Frankfurt am Main, Germany, under the inventory number SMF IV 25a of the insect

collection. Although assigned to a living mite genus, the galls (arrowed) are the fossilized pathological response of the leaf tissue. We suggest that

this - and other fossil mite galls - should not be treated as names in zoology. Scale bar = 10 mm. Photo courtesy of Vincent Girard (Frankfurt/

Main).

Leriche’s interpretation of this material (Fig. 1) as an assem-

blage of spider burrows seems fatuous at best, but the original

assignment to Sabella remains problematic, as any number of

sand-burrowing creatures could have produced this sedimen-

tary feature, and in any case Sabella is also a biological taxon

that according to the World Register of Marine Species

(WoRMS: http://www.marinespecies.org/) currently lacks a

fossil record. To resolve this matter we adopt the approach

suggested by Richard Bromley and reassign the name to

Oichnus Bromley 1981; a purely descriptive ichnogenus

appropriate for classifying simple holes with a round cross

section preserved in the sediment. This name carries no

inferences about the original producer, and Oichnus bavincourti

can now be formally excluded from the spider fossil record.



DUNLOP & BRADDY—ARACHNID TRACE FOSSIL NOMENCLATURE 253

Figures 4, 5.—Examples of arthropod trackways traditionally attributed to arachnids. 4. Cast of the holotype of Paleohelciira tridactyla

Gilmore 1926, Museum of Northern Arizona N9392, regarded as a possible scorpion trackway (note the medial impression: arrowed); 5. Cast of

the holotype of Octopodichnus didactylus Gilmore, 1927, Museum of Northern Arizona N9393, regarded as a possible spider trackway (no medial

impression, but pairs of four tracks: numbered). Both examples come from the Early Permian Coconino Sandstone, Arizona, USA. Scale bars =

10 mm. Both images modified from Minter & Braddy (2009, text-fig. 22).

FOSSIL EGG SACS

Araneaovoidus igen. nov.

Diagnosis.

—

Globular, pedunculate fossil egg sacs (co-

coons), putatively of spider origin.

Araneaovoius columbiae (Scudder 1878) comb. nov.

(Fig. 2)

Aranea columbiae Scudder 1878:463; Scudder 1890:71, PI. 2,

figs. 1, 2; McCook 1890:459^61; Scudder 1891:250 (as

Theridides’); Petrunkevitch 1922:214, 279; Selden & Penney

2010:185.

Theridium columbianum (Scudder) Bonnet 1959:4461 [as

‘cocon’].

Material.—Syntypes not seen: Petrunkevitch (1922) cited

the material as being in the Scudder collection of the Museum
of Comparative Zoology, Cambridge Massachusetts, USA,
but this could not be confirmed by the collection staff there.

CANADA: British Columbia: Quesnel. Palaeogene: Oligo-

cene? Additional specimens assigned to this species have been

recorded from Green River in Wyoming and Florissant in

Colorado, both Eocene, USA.
Remarks.

—

This species, based on putative spider egg

cocoons rather than body fossils, was originally described

from Quensel in British Colombia by Scudder (1878); with

further examples from Green River and Florissant added by

Scudder (1890). In the latter work, Scudder explicitly stated

that he was applying “...an ancient, broad generic name...” to

this material, but suggested that the cocoons might derive

from Theridium [now Theridion Walckenaer 1805] based on

the pedunculate form of at least some of the specimens.

McCook (1890) refigured various examples, again drawing

comparisons with modern egg sacs of mimetids, theridiids and

theridiosomatids in particular. Petrunkevitch (1922) conceded

that they could be fossilized spider egg sacs, but doubted

(based on published illustrations) whether they all originated

from the same species and commented on their “...utter

uncertainty of classification.” Nevertheless, Bonnet (1959)

transferred the species name to Theridium', presumably based

on previous tentative assignments in the literature.

While burrows are unequivocal examples of ichnotaxa -

since they involve organisms actively modifying the substrate -

the situation for eggs and/or their cocoons is less straightfor-

ward. Bertling et al. (2006:table 1) identified a ‘grey zone’

comprising, for them, structures like eggs, galls and webs (see

below), whose status as trace fossils sensu stricto remains

debatable. There is precedent for naming (fossil) eggs using

Linnean-type ranks, and Bertling et al. discussed at length

some of the difficulties of terminology relating to what

constitutes ‘work’ by an animal (e.g., burrows or footprints)

or their ‘products’ (e.g., dung). They recommended defining

ichnotaxa solely as names based on trace fossils, defining trace

fossils in turn as “...a morphologically recurrent structure

resulting from the life activity of an individual organism (or

homotypic organisms) modifying the substrate...” (Bertling et

al. 2006:283). Thus in their definition, trace fossils would

include, e.g., burrows, trackways, coprolites, nests, webs and

various bite marks and/or leaf mines. This definition does not
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include eggs, embedment structures or plant reaction tissues

(see also galls below). Yet in our particular case we should

note that it is the silken cocoon that is preserved, rather than

the eggs themselves, and that webs/silk do fall under Bertling

et al.’s trace fossil definition.

Bertling et al. (2006) conceded that eggs could be named
and made reference to a ‘collective taxa’ approach towards

naming, for example, assemblages of eggs. An alternative in

the literature would be ovo- or ootaxa; a so-called para-

taxonomic scheme primarily applied to the eggs of fossil

vertebrates (e.g., Pickford & Dauphin 1993; Hirsch 1996;

Garcia et al. 2006), but not to our knowledge to invertebrates.

This issue is complicated - Bertling et al.’s recommendations

remain suggestions - and a revised protocol for handling fossil

eggs (or egg sacs) has yet to be formalised in a new edition of

the ICZN code. Thus we retain here the Code’s present

definition (Glossary, p. 122) of cocoons as trace fossils.

Retaining Scudder’s egg sac species in a modern spider genus

is inappropriate. We do not see the eggs themselves, so it

cannot be argued that they are the first instars (or

semaphronts) of an existing body fossil species. Yet Scudder’s

name for these cocoons exists. We are unaware of any

precedent in the literature for naming fossil spider egg sacs,

thus we have no existing ichnogenus that could comfortably

accommodate his species. We thus, somewhat reluctantly,

propose a new name; but stress that this is an ichnogenus.

Other egg sacs in amber and copal have been documented,

particularly by Wunderlich (2004:79-87), but have not been

formally named. Given the problems above, we strongly

discourage future authors from introducing nomenclature for

the cocoons of fossil spiders.

FOSSIL GALLS

Names excluded from zoological nomenclature

Phytoptus aniiquus von Heyden 1860

(Fig. 3)

Phytoptus antiquus von Heyden 1860:63; von Heyden 1862:64,

pi. 10, fig. 1; von Heyden & von Heden 1865:35; Scudder

1891:282 (as gall).

Material.

—

Type material: GERMANY: Hesse: Salzhausen/

Vogelsberg; leg. Otto Vogler, Neogene (middle Miocene),

Senckenberg Research Institute and Natural History Museum,
Frankfurt am Main, Germany, listed in the fossil insect

catalogue as no. SMF IV 25a (holotype) and VI25b

(paratype).

Eriophyes vilarrubiae Villalta 1957

Eryophies [sic] vilarrubiae Villalta 1957:63-64; Dieguez et al.

1996:340.

Material.

—

Holotype: SPAIN: Lerida Province: Cerdana.

Neogene (upper Miocene). Type repository unclear.

Eriophyes daphnogene Ambrus & Hably 1979

Eriophyes daphnogene Ambrus & Hably 1979:55-56, fig. 1;

Davis et al. 1982:125.

Material,

—

Holotype: HUNGARY: Komarom-Estergom

district: Baromallas, between Vertesszolos and Tatabanya

Kuny, assigned to the Palaeogene (Upper Oligocene) and the

regional Egerian stage, which roughly corresponds to the

internationally recognized Chattian age (ca 23-28 Ma), but

touches on the boundary of the Miocene, Domokos Megyei

Muzeum, Tata, no. 76.4.92 (not seen).

Remarks.—Galls, or zooceids in some terminologies, were

also explicitly excluded from being ichnotaxa by Bertling et al.

(2006) - contra the ‘cecidoichnia’ concept of Mikulas (1999) -

because they are formed by the pathological reactions of the

host plant tissue, rather than the direct activities of the gall-

inducing organism itself. Were, e.g., a burrow path, feces, or

an exit hole to be identified within a gall, one could (according

to Bertling et al.) make a case for treating these features as

ichnotaxa. There remains, however, the problem of how (or

whether) to apply binominal nomenclature to the gall itself,

and how to deal with such names already present in the

literature. To quote again Bertling et al. (2006, p. 268): “Galls

nonetheless must not be considered zoological taxa because

they are made up of plant tissue; hence, they cannot receive the

name of the insect responsible”. Indeed we are aware of only

one unequivocal gall mite body fossil in the literature: Aculops

keiferi Southcott & Lange 1971, recovered as microfossils in

macerates of carbonaceous clay deposits from the Eocene of

Australia.

Early workers on extant eriophyid (gall) mites - reviewed by

Nalepa (1887) - invariably named the mites themselves, rather

than their galls; although they sometimes differentiated species

based on the host plant rather than explicit morphological

differences. Most paleontologists have simply described mite/

insect gall types based on their morphology (e.g., Scott et al.

1994), without recourse to Linnaean categories. Alternatively,

other authors have treated galls as a type of tissue damage -

again a simple, structural description - alongside other leaf

marks caused by feeding (e.g., Wilf & Labandeira 1999). Yet

some workers continue to use an explicitly binominal

nomenclature to describe galls, albeit here without assigning

species to Recent genera of gall-inducers. For example,

Vasilenko (2005) - adopting a scheme from Vjalov (1975) -

recognized a group Phagophytichnidea (plant damages)

including the families Paleoovoididae (for invertebrate egg

batches) and Paleogallidae (for pathological responses such as

galls). These families are further divided into ‘genera’ and

‘species’. It is not immediately clear whether these names are

parataxa (as per the vertebrate egg nomenclature above) or

whether they fall under the zoological or botanical codes of

nomenclature. We question whether this approach is really

helpful in the long term.

We are still left with three historical species names for fossil

galls, all of which were explicitly assigned to Recent genera of

eriophyid mites as the likely gall-inducer,. Two options present

themselves. Technically, the ICZN continues to treat galls as

the ‘work of an animal’ (cf. Glossary, p. 122) and hence as

trace fossils. Like the spider cocoons above, we could simply

create a new ichnogenus, or ichnogenera, to accommodate

these species. Yet we strongly support the recommendation of

Bertling et al. that galls should not be treated as trace fossils.

We concede that this is again a grey area that should be

addressed in any future version of the code. Indeed, we are

planning a formal application to the ICZN specifically about

these mite names to force clarification of this issue. Is a gall

merely the passive response of the plant tissue to animal(s)

living within, or do the mites deliberately induce the gall
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through their burrowing activities, which could, theoretically,

be construed as ‘work’? Overall, we feel that fossil arachnid

nomenclature is complex enough as it is without introducing

further new names, and that the best interests of stability

would be served by invoking the ICZN to remove these species

from the zoological nomenclature. All three fossils may still

document the presence of eriophyids in former eras, and in

this context make a valuable contribution to our understand-

ing of the arachnid fossil record.

Oldest gall mites?—The oldest galls comparable in shape to

those of modern eriopyhid mites are known from the Late

Cretaceous (Cennomanian, ca 100 Ma) (Scott et al. 1994).

Larew (1986) briefly reviewed fossil galls, mostly with respect to

insects. Scott et al. (1994) provided a valuable review of the gall

fossil record and in their appendix they identified six (time-

independent) morphologies spanning the mid Cretaceous

through to the Palaeogene, which resemble Recent galls induced

by eriophyids. Some of these were analogous to galls induced by

particular modem species, others to Eriophyoidea in general; see

these authors for details. Within the subfossil (Holocene) time

frame, Pentecost (1985) suggested that galls observed on Alnus

leaves from the Holocene of Yorkshire, UK (ca 8,600 years B.P.)

may have been induced by the extant alder bead gall mite.

FOSSIL WEBS
Following Bertling et al. (2006), fossilized silk and webs fall

within the definition of trace fossils; although to our

knowledge no one has tried to formally name one using

Linnean binominal taxonomy. Selden & Penney (2010)

recount the unfortunate case of Beringer (1726), who was

fooled into describing hoax fossils of spiders, together with

their webs, preserved on stones. More recently, Pickford

(2000) described calcitic structures from the mid Miocene (16-

17 Ma) of the Namib Desert in Namibia. He interpreted these

as fossil webs, comparable to the web-lined burrows of the

modern spider genus Seothyra Purcell 1903 (Eresidae), which

occurs in this desert region today. The oldest putative record

of arachnid silk (Selden et al. 2008) is some strands emanating

from the spigots of the mid-Devonian (ca 390 Ma) Attercopus

fimbiunguis Selden et al. 1991. This fossil was originally

though to be the oldest spider, but was recently reinterpreted

as a member of a separate, extinct order Uraraneida

characterized by silk production via spigots on the ventral

opisthosomal sclerites. Uraraneids thus lacked explicit spin-

nerets, which remain a convincing autapomorphy of Araneae.

Amber.—As far as we are aware, all other examples of

fossilized webs or silk derive from amber. The most recent to

be described (Brasier et al. 2009) is, at earliest Cretaceous (ca

140 Ma), stratigraphically also the oldest amber record.

Somewhat curiously, this amber from near Hastings in Sussex,

UK has (so far) not yielded any spiders or other arthropods.

Fossil silk is usually rarer than other amber inclusions, which

raises some concerns about the interpretation of this material.

An alternative possibility would be that these threads are

microbial in origin and/or fungal hyphae; although Brasier et

al. presented counterarguments in favor of them being genuine

silk strands based on the way the strands pair and twist, and
the apparent presence of fluid (glue?) droplets.

The oldest unequivocal amber silk was described by

Zschokke (2003) from early Cretaceous (ca 130 Ma) Lebanese

amber. This consisted of a single thread, here clearly bearing

characteristic glue droplets. This specimen confirms the use of

viscid silk by spiders during the early Cretaceous and implies a

member of the Araneoidea lineage. Zschokke discussed

whether the strand may have originated from an orb web or

a cobweb (perhaps from Theridiidae or a related group);

favoring the latter option, since the capture thread was not

associated with any linking scaffolding threads as would be

expected in an orb web. Spider silk from the marginally

younger Isle of Wight amber, UK, was mentioned by

Jarzembowski et al. (2008), but was not figured or described

in detail. A fully described early Cretaceous record (Pehalver

et al. 2006) comes from the Spanish San Just amber (ca.

110 Ma). Interestingly, this also includes possible prey items:

namely, a Microphorites fly and a mite. These authors

suggested that it could be a fragment of an orb web, but also

noted a cobweb as an alternative. It is challenging to explain

how a mite became trapped in a typical aerial orb web.

Zschokke (2004) described further examples of fossil web
fragments with glue droplets, including Cretaceous (ca

100 Ma) examples from Myanmar (Burmese) amber. Eocene

(ca 45-50 Ma) examples from Baltic amber and Miocene (ca

16 Ma) examples from Dominican Republic amber. Zschokke

discussed the often superb preservation of glue droplets,

arguing that the delicate droplets are not destroyed by resin

flow because the silk proteins and resin terpenoids repel each

other rather than mixing. Nevertheless, these droplets are

highly hygroscopic and sometimes underwent swelling during

preservation in amber due to water uptake. Most fossilized

silk records come from Baltic amber and historical accounts

can be found in Menge (1856) and Bachofen-Echt (1934). The

most comprehensive study was provided by Wunderlich

(2004:53-72) who described and figured a variety of webs, as

well as evidence for other silk-related behavior such as egg sacs

(see above), prey wrapping, draglines and even spiders about

to undergo ballooning. Wunderlich documented both cribel-

late and ecribellate web fragments - some of which can be

tentatively ascribed to families or family groups - as well as

rarer, more complete webs and/or retreats provisionally

assignable to families such as Dipluridae or Segestriidae.

TRACKWAYS
A final source of arachnid trace fossils is trackways (e.g., Alf

1968), essentially series of fossilized footprints or other

imprints such as scratches or tail drags in the sediment.

Although trackways record behavior and/or host-sediment

interactions (as opposed to anatomy), their binominal names

are subject to ICZN rules. A key problem is, of course,

ascribing a trackway to its correct producer. Only in rare

cases, like the ‘death marches’ of horseshoe crabs from the

Jurassic of Solnhofen in Germany (Malz 1964), are both

preserved together. Assignments to taxa generally have to be

based on circumstantial evidence, such as identifying body

fossils with an appropriate limb disposition of roughly the

same geological age, or by looking at comparative behavioral

repertoires and walking gaits in living taxa which may also

have been around at that time.

Two ichnogenera are commonly attributed to arachnids on

the grounds that the trackways were (probably) made by

animals with eight legs. Following definitions in Sadler (1993),
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Paleohelcura Gilmore 1926 (Fig. 4) consists of pairs of three

(sometimes two or four) tracks about 2 cm apart, either side of

a medial impression or tail drag. Octopodichnus Gilmore 1927

(Fig. 5) consists of alternating groups of four tracks, up to

6 cm apart, and lacks any evidence of a medial impression.

Both are principally known from a number of Permian (251-

299 Ma) localities in North America: the Coconino and

DeChelley Sandstones in Arizona and the Robledo Mountains

of New Mexico (Sadler 1993; Braddy 1995a, b; Minter &
Braddy 2009). There is also a Paleohelcura record from the

Permian (Rotliegend) of Europe (Kozur et al. 1994).

Paleohelcura has been envisaged as a scorpion walking trace,

with the dragline derived either from the telson or perhaps the

pectines. Octopodichnus has been thought to represent a (large)

spider, rather like a tarantula.

Comparisons with modem arthropods (Brady 1939) and

neoichnological experiments looking at the tracks left by

extant arachnids walking over different substrates (Sadler

1993; Azin & Wright. 2005; Davis et al. 2007) have been able

to recreate both Paleohelcura and Octopodichnus morpholo-

gies. Yet, it should be cautioned that the same animal can

produce more than one trackway morphology and that these

would be classified, geologically, under different ichnogenera

(Sadler 1993). For example, a scorpion walking with its tail

raised could also produce an OctopodichnusAike trackway.

This reiterates the difficulties of trying to assign trace fossils to

specific producers. Furthermore, numerous ichnospecies have

been proposed in both Paleohelcura and Octopodichnus: see

Minter & Braddy (2009) for a recent overview. Many of these

published ‘species’ are based on trivial differences in, for

example, trackway size and track distributions. Work in

progress will almost certainly reduce the number of published

trackway names and yield a more sensible and meaningful

arachnid ichnotaxonomy.
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Abstract. Although the benefits of group foraging are important for evolution of sociality in spiders, the factors that

intluence group-level benefits of prey sharing in social spiders are still poorly understood. In the unusual transitional social

spider Delena cancerides Waickenaer 1837 (Sparassidae), prey sharing almost certainly occurs occasionally among non-kin

in the wild, and so we tested the effects of kin relationships and familiarity on the amount of prey consumed in this species.

To determine whether the amount of prey sharing increased with relatedness or with familiarity, we fed treatment groups

containing spiderlings of varying relatedness and familiarity a single prey item and measured the amount of weight gained

by sharing groups. We found no effect of relatedness or familiarity on the amount of prey consumed by prey-sharing

groups of D. cancerides. Increased duration of sharing, number and age of the spiders involved, and size of the prey item all

increased the amount of prey consumed. The benefits of prey sharing in this species likely overwhelm any possible inclusive

fitness benefits derived from kin discrimination in this highly outbred social spider. Hence, we reject the hypothesis that

groups of kin consumed proportionately larger amounts of prey biomass than groups of non-kin, as proposed by Schneider

and Bilde in 2008 with Stegodyphus lineatus Latreille 1817 (Eresidae).

Keywords: Cooperative foraging, kin recognition, social spiders, group-living, nutrition

Benefits of cooperative foraging have been proposed to be

the driving force behind the evolution of social behavior in a

diverse array of animals, from wild canids to predatory

hemipterans (Travers 1993; Creel & Creel 1995; Krause &
Ruxton 2002). Cooperative hunting allows the capture of prey

too large for solitary individuals to handle, and prey sharing

leads to increased foraging success and higher fitness for

group-living individuals, although the average amount of food

that an individual consumes during each predation event

might be smaller (Clark & Mangel 1986; Caraco et al. 1995).

Similar group foraging benefits are thought to be one of the

major advantages of group living in social spiders (Araneae)

(Buskirk 1981; Rypstra & Tirey 1991; Whitehouse & Lubin

2005; Lubin & Bilde 2007). However, many questions remain

about the effects of group composition on the extent of prey

sharing within groups.

Schneider and Bilde (2008) found that in the subsocial

spider Stegodyphus lineatus Latreille 1817 (Eresidae), groups

of close kin share more prey biomass with each other than

groups of non-kin, regardless of the familiarity of individuals

in the group. The authors hypothesized that individual spiders

could preferentially decrease the amount of digestive enzymes

they would inject into a prey item when sharing with non-

relatives, which would explain the observed patterns. Previous

work had shown that S. lineatus respond differentially to kin

by increased cannibalism of non-kin under food stress (Bilde

& Lubin 2001), but Schneider and Bilde (2008) were the first to

indicate that the quantity of prey shared in groups was

influenced by kin recognition.

However, unrelated S. lineatus spiderlings do not share prey

naturally. This species is only known to share prey with

‘Corresponding author. E-mail: LSRl@cornell.edu

siblings during the first 30 days following hatching, after

which the spiders disperse during the fifth instar and

apparently do not forage communally again (Schneider

1995; Schneider & Lubin 1997). When dispersing, S. lineatus

display a high level of philopatry, and individuals from

different natal groups tend to disperse in opposite directions in

a given microhabitat (Lubin et al. 1998). Therefore, it is

unlikely that S. lineatus juveniles would ever be in a situation

where they would potentially share prey items with unrelated

or unfamiliar conspecifics. Similarly, prey sharing among
unrelated conspecifics is unlikely in highly social cooperative

spiders exhibiting low rates of immigration and high levels of

inbreeding (Aviles 1997; Lubin & Bilde 2007).

Like S. lineatus, the social spider Delena cancerides

Waickenaer 1837 (Sparassidae) is known to be capable of

kin recognition (Beavis et al. 2007; Yip et al. 2009). However,

in contrast to S. lineatus, it is probable that immature D.

cancerides occasionally share prey items with non-kin in the

field. Thus, in the present study, we set out to determine

whether different amounts of prey biomass are shared by

groups of D. cancerides depending on the relatedness and

familiarity of all of the individuals in the group.

Delena cancerides is an unusual transitional social spider

from Australia that shares subsocial and cooperative spider

traits (L.S. Rayor unpubl. data). Individuals of this species live

in kin-based groups of up to 300 individuals under the

exfoliating bark of dead trees, and these groups typically

consist of one adult female and one to four cohorts of

immature offspring (Rowell & Aviles 1995; L.S. Rayor

unpubl. data).

Delena cancerides populations are patchily distributed and

in habitats where there are multiple suitable trees for retreats,

such that D. cancerides colonies are frequently found on
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neighboring trees (L.S. Rayor iinpubl. data). As the spiders

forage for prey outside their retreat, sometimes traveling as

much as 5-10 m before returning to the retreat in the morning

(Yip & Rayor 2011), young spiders occasionally return to the

incorrect retreat (Yip and Rayor 2011). Although initial

studies on the species indicated that D. cancerides were highly

aggressive towards conspecifics from other colonies (Rowell &
Aviles 1995), more recent studies (Beavis et al. 2007; Yip et al.

2009) demonstrated that younger individuals below a certain

size threshold (< seventh instar) were readily accepted into alien

colonies without overt aggression. These findings suggest that

individuals in any one colony have a reasonable probability of

encountering juveniles from other, unrelated colonies and

potentially sharing prey with them.

Among juvenile spiders, prey sharing occurs in approxi-

mately 30% of all feeding events in the laboratory (L.S. Rayor

unpubl. data), although it is less frequent in the field when

individuals forage away from the retreat (Yip & Rayor 2011).

Young spiders, especially, benefit (in the form of increased

growth) from prey sharing at the retreat due to the presence of

older siblings, which can capture larger prey items (E.C. Yip

unpubl. data).

In this study, we tested whether Schneider and Bilde’s (2008)

finding that both groups of familiar and unfamiliar kin

consume more biomass while sharing prey than groups of non-

kin could be extended to a spider species in which this

behavior actually occurs. To test this hypothesis, we examined

the total ingested biomass of prey items in groups of related

and unrelated individuals. To examine the effects of familiar-

ity independent of relatedness, we repeated the experiments

with groups of unfamiliar-related and familiar-unrelated

spiders. We predicted that if Schneider and Bilde’s (2008)

results would also apply to D. cancerides, the spiders would

share more prey biomass in groups of related individuals than

they would in groups of unrelated individuals.

METHODS
Study organisms.—We reared the specimens of Delena

cancerides used in this experiment in the laboratory from

July-December 2009. They were descendants of wild individ-

uals originally collected in 2006 and 2008 from sites in

southeastern Australia. Because this species is highly outbred

(Rowell & Aviles 1995; Gruetzner et al. 2006), we kept detailed

long-term records of the origins and all cross-breeding events

for each colony in order to maintain outbreeding. The spiders

live for ~ 2.5 yr and do not reach sexual maturity until ~ 1 yr,

so the spiderlings used from 2008 wild-caught spiders were

only the Fi generation in the laboratory, while spiderlings

from parents collected in 2006 were ~ F3 generation. We
housed laboratory colonies of spiders in 9.5 and 19-1 terraria

with sheets of clear plexiglass “bark” affixed ~ 2 cm from the

glass to emulate their natural retreat structure. Prey items

included adult flesh flies {Neobellieria bullata Diptera;

Sarcophagidae), common house crickets {Acheta domesticus

Orthoptera: Gryllidae) and large house flies (Musca domestica

Diptera: Muscidae).

Group benefits of prey sharing relative to relatedness

and familiarity.—Our methodology closely follows that used

by Schneider and Bilde (2008) in examining the effects of

relatedness and familiarity on sharing in Stegodyphus lineatus.

Spiders digest their food externally by secreting digestive

enzymes into the body of the prey item and then imbibing the

liquefied remains (Foelix 201 1). Since the spiders leave behind

the indigestible parts of prey items, the amount of biomass

that spiders ingest from their prey can be measured by

recording the weight of the prey item before and after it is fed

on by a group of spiders (Tso & Severinghaus 1998).

To assess the possible differential benefits for prey-sharing

groups of different relationships and levels of familiarity, we

randomly assigned individuals from 19 laboratory source

colonies to four experimental treatments:

• Related Familiar (RF) = spiders that were full siblings

from a single clutch and that had been reared together in

the same cage since birth.

• Related Unfamiliar (RU) = spiders that were also full

siblings from a single clutch but that had been separated

from the natal colony immediately after they had emerged

from the egg sac (at the second instar) and raised in

isolation until they were reintroduced to each other directly

before the experiments began as fourth instar spiderlings.

• Unrelated Familiar (UF) = spiders that were 100%

unrelated to all other spiders in the same group, but which

had been separated from their natal colonies immediately

after they had emerged from the egg sac and reared

together.

• Unrelated Unfamiliar (UU) = spiders that were also 100%

unrelated to all other spiders in the group and that were

only introduced to each other directly before the experi-

ments began.

Each group consisted of six individual spiders, which were

housed in 10 X 10 X 13 cm plastic cages. Due to instances of

individual mortality, some groups were reduced to five

individuals. Prior to group formation we weighed each spider

and minimized initial size differences between the spiders in

each group by purposefully forming groups of spiders with

similar body weights. We performed the prey-sharing experi-

ments when the spiders reached the fourth instar and continued

until the spiders reached the seventh instar, at which point we
determined them to be too large for the experiment.

Several minutes prior to each experimental trial, we

anesthetized the spiders in each group with CO2 ,
and

measured the total mass of the entire group of pre-feeding

spiders to the nearest 0.0001 g using a Mettler Toledo AG285
electronic scale. After several minutes, when the spiders began

to recover from anesthesia, we weighed a single prey item

(either a fly or cricket) and placed it into each group. Prey type

was determined by spider size, as smaller spiders (fourth and

fifth instars) captured house flies most readily. Larger instars

(fifth-seventh instars) were given sarcophagid flies or crickets,

depending on availability.

Once the spiders had successfully captured the prey item, we
recorded the number of spiders sharing it every 10 min for 2 h.

During each observation, we also noted the behavior of the

spiders and recorded any solicitations for prey sharing or

attempts to pull away from a sharing group. We recorded

groups as not having eaten during a trial if the spiders did not

successfully capture the prey item within two hours, and we
discarded these trials. After the 2-h observation period

following successful prey capture, we separated any spiders
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that were still feeding from the prey, and recorded both the

combined post-feeding weight of the entire group and the

remains of the prey item.

We repeated these trials every several days over 20 wk, for a

total of 138 replicates from 18 groups in the RF treatment, 11

replicates from three groups in the RU treatment, 44 replicates

from seven groups in the UF treatment and 37 replicates from

nine different groups in the UU treatment. To increase our

sample sizes, we used individual groups within each treatment

for multiple trials: RF groups were used a mean of 2.88 times,

RU groups a mean of 3.67 times, UF groups a mean of 8.80

times and UU groups a mean of 4.27 times. After the end of

the experiment, we calculated the percentage of trials in each

treatment during which prey sharing occurred. In between

feeding trials, we fed the groups with small house flies once per

week in order to keep all spiders properly nourished.

To determine whether kinship or familiarity affected the

amount of prey consumed in prey sharing events, we used a

series of mixed linear models to analyze the effect of treatment

(RF, RU, UF, or UU) and other parameters, including initial

prey weight and mean spider instar of all spiders involved in

feeding on the change in mass of each group of spiders. In

these models, group ID was coded as a random effect variable

in order to account for repeated measurements of the same

groups, and treatment type, initial prey weight, and mean
spider instar were coded as fixed effects. To quantify the

amount of sharing that occurred in each trial we calculated a

“sharing metric” for each successful trial that reflected both

the number of spiders that shared the prey item and the

duration of prey sharing that occurred by totaling the number
of spiders sharing during each ten-minute interval. For

example, if three spiders shared prey for 50 min and then a

fourth joined to share for 20 min, the sharing metric would be

(3 X 5) -t- (4 X 2) = 23. This sharing metric we encoded as a

fixed effect in the model for groups in which there was prey

sharing. The response in all models was the change in weight

of the spider group, to which we applied a square-root

transformation in order to homogenize variances. We also

incorporated prey type (flies or crickets) into the original

model in order to confirm that it had no significant effect on

the weight change of the spiders. We examined the correlation

between the change in weight of the spider group and the

change in weight of the prey item using a linear regression. All

statistical analyses were performed in JMP 8.0.

RESULTS

Group benefits of prey sharing relative to relatedness

and familiarity,—The levels of relatedness and familiarity

among spiders in a prey-sharing group did not significantly

influence the amount of prey biomass ingested by members of

the group. Although the linear mixed model applied to the

data for groups in which prey sharing occurred was a good fit

for these data (i?“ = 0.7314, P < 0.001), this model showed no

significant effect of treatment on the weight gained by sharing

groups (treatment effect. Table 1). Groups of older spiders

consumed more prey than groups of younger individuals

(mean spider instar effect. Table 1), groups consumed more

prey when the prey item was larger (initial prey weight effect.

Table 1) and older spiders could handle larger prey items.

Greater prey biomass was also consumed when more spiders

Table 1.—Results of the linear mixed model that incorporates all

trials in which prey sharing occurred. The measured change in spider

weight was used as the response variable, and treatment type, mean
spider instar, initial prey item weight, and the calculated “sharing

metric” were used as fixed effects. All factors, with the exception of

treatment type, were found to have significant effects on the amount
of weight gained

significant R-values.

by spider groups. Asterisks (***) indicate

Factor df F P N

Treatment 12 2.55 0.1053 136

Mean spider instar 123 26.86 < 0.001*** 136

Initial prey weight 122 97.50 < 0.0001*** 136

Sharing metric 122 17.64 < 0.0001*** 136

shared prey or when sharing events lasted longer, the two

factors included in the “sharing metric” (sharing metric effect.

Table 1).

There was no significant difference between weight gained

by groups of six spiders and groups of five spiders {Fi 45 =
0.18, « = 136, F = 0.6736). Nor was there a difference between

weight gained by groups feeding on crickets or flies of

comparable size {F124 = 1.3371, « = 34, P = 0.2590). The
weight lost by the prey was directly correlated with weight

gained by the spiders (P/./js = 1563, n = 136, P < 0.0001,
= 0.92), with prey losing more weight (mean = -0.0569 g, « =

136) than was gained by the spiders (mean = 0.0339 g, « =

136).

Prey sharing only occurred in 50.2% of all trials, and in the

trials for which prey sharing occurred, in 26.8% the sharing

was for relatively brief periods (< 20 min). To minimize the

effect of trials in which minimal prey sharing occurred, we
reanalyzed the data including only those trials in which the

prey item was shared for > 20 min. The new model {R~ =

0.75) shows that spiders still did not share more with kin or

familiar individuals (treatment effect. Table 2); rather, spiders

consumed more prey when the prey item was larger (initial

prey weight effect. Table 2), and older spiders consumed more

prey (mean spider instar effect. Table 2). However, there was

no difference in the prey biomass consumed associated with

duration or the number of spiders sharing (sharing metric

effect. Table 2) in this analysis.

Given that spider instar had an effect on the amount of prey

consumed by sharing groups, we also examined whether the

amount of sharing (measured by mean sharing metric) differed

relative to treatment group by instar. When the mean age of

individuals in a group was fifth instar, we found that RF
groups shared prey for longer and in larger groups than UF
groups, while there were no significant differences between any

other treatments (Tukey Kramer HSD test, n = 34, all P >
0.07). By the time the mean age of the spiders in a group was

sixth instar, related spiders did not share more than unrelated

spiders, nor did familiar spiders share more than unfamiliar

spiders (Tukey-Kramer HSD test, n = 100, all P > 0.22;

Figure lA).

Although there was no significant effect of treatment type

on the amount of biomass consumed in any of the analyses, we

calculated the frequency of sharing separately to determine

whether kin groups shared more often and found no consistent

effect: prey sharing occurred nearly 20% more frequently in

RU and UF groups than in RF and UU groups (Figure IB).
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Table 2.—Results of the linear mixed model that excludes all

instances of low-duration prey sharing (defined as < 20 min). The

measured change in spider weight was used as the response variable,

and treatment type, mean spider instar, initial prey item weight, and

the calculated “sharing metric” were used as fixed effects. Only the

mean instar of spiders within the group and the initial weight of the

prey item were found to have significant effects on the amount of

weight gained by spider groups. Asterisks (***) indicate significant

P-values.

Factor df F P n

Treatment 10 1.57 0.2567 87

Mean spider instar 78 18.27 < 0.0001*** 87

Initial prey weight 77 87.70 < 0.0001*** 87

Sharing metric 78 1.31 0.2560 87

When we excluded spiders in the RU treatment from the

data analysis (on the basis that the relatively small sample size

collected for this treatment was too small to draw reliable

conclusions) and ran the model again, treatment type also had

a significant effect 4.78, « = 127, P = 0.0247, overall

model = 0.72), with UF groups consuming more prey than

RF or UU groups (t = 3.03, df = 13, P = 0.0103).

DISCUSSION

Spiders that share prey with unrelated individuals would be

expected to experience the same direct benefits of prey sharing

as those individuals that share prey with genetic relatives in the

form of direct consumption of food. However, individuals that

share prey with kin might additionally gain inclusive fitness

benefits such as the increased production of digestive enzymes

in kin groups suggested by Schneider and Bilde (2008). Given

that the biology of D. cancerides is such that there is some level

of interaction between non-kin young in the wild, we
hypothesized that there would be more prey consumed in

kin-only groups due to greater indirect fitness benefits.

30

RF RU UF UU RF RU UF UU
5th gth

Mean Spider Instar

However, our results do not support this hypothesis. Rather,

our data indicate that the overall benefits of prey sharing to

young D. cancerides are so substantial that the benefits derived

from discriminating preferentially against non-kin in a prey

sharing event to increase potential inclusive fitness benefits is

not productive.

The general benefits of prey sharing include an increased

frequency of feeding and access to larger prey items (Buskirk

1981; Rypstra & Tirey 1991; Whitehouse & Lubin 2005; Yip et

al. 2008). Recent field studies have shown that younger D.

cancerides are in better condition when they have older

siblings that capture and share larger prey items (E.C. Yip,

unpubl. data). Additionally, D. cancerides has an exceptionally

low metabolic rate, resulting in low foraging requirements

(Gilbert et al. unpubl. data): prey sharing with any partners

may provide a substantial contribution to their overall

nutrition.

A major difference between the two species that might

influence prey-sharing patterns is the extent of their social

behavior: Delena cancerides is a significantly more social

species than S. lineatus. Delena cancerides colonies have

multiple cohorts of siblings living together for approximately

10-12 mo until individuals reach sexually maturity, after

which individual females establish their own colonies (L.S.

Rayor et al, unpubl. data). In contrast, S. lineatus siblings

only live together for ~30 days before dispersing, after which

they live solitarily, and individual females have single clutches

prior to matriphagy (Schneider 1995; Schneider and Lubin

1997). Furthermore, although the majority of prey-sharing

behaviors observed in D. cancerides are between younger

individuals (fourth-sixth instars), individuals continue to share

prey throughout their lifetimes (L.S. Rayor unpubl. data),

whereas S. lineatus feed communally only as juveniles prior to

dispersal (Schneider 1995). There may be greater inclusive

fitness pay-offs for subsocial species to discriminate kin than

Treatment

Figure 1.—A. The variation among treatment groups in the mean sharing metric (= composite measure of number of individuals sharing and
duration of sharing) observed in trials where prey was shared, as a function of the mean instar of all spiders in the group. When the spiders were

younger (fifth instar), the RF and RU treatment groups shared more prey than the other groups. By the sixth instar, when individuals were more
familiar with each other in all treatments, sharing did not differ. B. The percentage of trials in which prey sharing occurred in each of the four

treatments. Sharing patterns are unrelated to kin or familiarity. In 50.2% of all trials, the prey item was consumed entirely by a single individual

without any sharing.
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for more social species that likely experience more long-term

payoffs from tolerant behaviors, including the willingness to

share prey.

Differences in outbreeding may also influence the ability of

the two species to identify non-kin during prey sharing events.

Stegodyphus lineatus displays a significant degree of inbreed-

ing tolerance in the laboratory, as females did not discriminate

against related males in breeding experiments and offspring

produced from such pairings did not differ from outbred

offspring in fecundity and survivorship (Bilde et al. 2005).

Some degree of inbreeding likely occurs in the field, as ~ 50%
of adult males recovered in field observations mated within

their natal patches (Bilde et al. 2005). Because related

individuals in these populations may share a relatively large

amount of genetic material, S. lineatus may be better able to

detect kin through self-phenotype matching.

The high levels of outbreeding in D. cancerides might make
this type of kin-recognition harder, as there are often high

levels of genetic (and therefore phenotypic) polymorphism

within populations (Rowell 1990; Gruetzner et al. 2006).

Although it has been shown that D. cancerides can differen-

tiate between nestmates and non-nestmates (Beavis et al. 2007;

Yip et al. 2009), possibly based on chemical signals from the

nest itself, this process might require a relatively large number
of complex cues. At the age of the spiders used in the study, D.

cancerides may not have produced sufficient markers for

recognition cues. Our only indication of kin preference is that

there was a non-significant trend toward a higher sharing

metric among kin during the fifth instar, which disappeared by

the sixth instar when the spiders were more familiar with one

another. Future research that incorporates these possible

mechanisms for nestmate recognition may help explain the

patterns observed in the present study.
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Effects of experimental fire regimes on the abundance and diversity of cursorial arachnids of Brazilian

savannah (cerrado biome)
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Abstract. We investigated the influence of burning frequency and timing on the abundance and diversity of cursorial

arachnids in the cerrado (savannah of central Brazil). Five areas were subjected to different burning regimes. In each area,

40 pitfall traps were installed. The arachnids were sampled for three days each month from April 2007 to October 2008.

Abundance was higher in the control area than in areas subjected to any fire regime. Species richness was similar in all

areas. The evenness was lower in the control area. The areas subject to fires had significantly higher diversity than the

control area. Although it was not possible to rank areas according to their diversity, areas burned in the middle of the dry

season tended to have higher diversity than areas burned at the beginning or end of this season, indicating that the time at

which fire occurs may be more important than the frequency of burning for the diversity of cursorial arachnids in the

Brazilian cerrado.

Keywords: Fire effects, spiders, Arachnida, Araneae

Cerrado is savannah typical of central Brazil. It covers

around two million km^ and includes various types of

vegetation, a mix of woody and herbaceous plants. Following

the Amazon Forest, it is the largest Brazilian biome and has a

well-defined climate with a strong dry season during the winter

(approximately May to September).

Fire is the most prevalent form of disturbance in the cerrado

biome, which dates back to at least 32,000 years (Salgado-

Labouriau & Ferraz-Vicentini 1994). Burning stimulates

regrowth, seed germination, flowering and fruiting of many
species (Miranda et al. 2002). The rapid occupation of the

cerrado has increased fire frequency, threatening the biodi-

versity in many locations (Klink & Machado 2005).

In the cerrado, as well as in other savannahs, burns are

superficial, and their effects are related to water content,

according to the shade of the herbaceous layer. Small areas

can be preserved from the fire, changing the landscape into

mosaics of different post-burn ages and different floristic

structures, and this kind of abiotic disturbance may affect the

diversity patterns (Coutinho 1990; Pianka 1992; Miranda et al.

1993; Kauffman et al. 1994; Castro & Kauffman 1998;

Miranda et al. 2002).

The basic premise of the Intermediate Disturbance Hy-
pothesis is that the highest diversity is maintained at

intermediate levels of disturbance on various scales of

frequency and intensity by preventing competitively dominant
species from excluding others (Connell 1978). Although there

is variation in the response of invertebrate fauna to fire, the

trend for most groups is high resilience to disturbance, the

frequency being more important than the intensity of the fire

(Andersen «fe Muller 2000).

In 1989, a long-term experiment (the “Fire Project”) was
initiated in a cerrado area of central Brazil, with the overall

objective of determining the effects of different regimes of

prescribed burning on the structure and function of this biome
(Nardoto et al. 2006). Using these experimental areas, this

study aimed to investigate the influence of frequency and
timing of burning on abundance and the diversity of cursorial

arachnids of the cerrado.

METHODS
Study site and sampling design.—This study was carried out

in the Roncador Ecological Reserve (RECOR) (15°56'21"S,

47°53'07"W), Brasilia, Brazil, which covers ca 1,350 ha. We
used pitfall traps installed in five experimental areas (each

200 m X 500 m) of cerrado sensu stricto (excluding very open

areas and gallery forests) subjected to different burning

regimes (timing and frequency): 1) the control area (CT) was

preserved from fire for at least 36 yr; 2) the early biennial (EB)

was burned every 2 yr in early dry season (late June), similar to

the occurrence of natural fires (Ramos-Neto & Pivello 2000);

3) the modal biennial (MB) was burned in the middle of the

dry season (early August), a period in which anthropogenic

burning is more common (Coutinho 1982; Coutinho 1990); 4)

the late biennial (LB) was burned at the end of September, a

period that favors the renewal of leaves and flowering of most

woody plants (Oliveira & Gibbs 2000); 5) the modal
quadrennial (QD) was burned every 4 yr in the middle of

the dry season (early August), a period that favors the

recruitment of woody biomass and the replenishment of lost

nutrients (Pivello & Coutinho 1992; Kauffman et al. 1994).

The last time a quadrennial plot was burned was in August

2007, while the biennial plots were last burned in July, August

or September 2008.

In each plot, ten sets of traps were installed, each set

consisting of four containers (35 cm diam X 45 cm depth)

buried with their rim at ground level. Each container

connected with others by drift fences (6 m long X 0.4 m high)

in a “Y” shape. The arachnids were sampled for three days

each month from April 2007 to October 2008. This

experimental design followed a standardized protocol origi-

nally designed for herpetological research.

All individuals were collected alive and then conserved in

80% ethanol. The arachnids were identified to species level

when possible. Voucher specimens of each spider species are

deposited at the arachnid collection of the Zoology Depart-

ment of the Universidade de Brasilia.

Data analysis.

—

Only adults were used in the statistical

analysis. We used repeated ANOVA measures to investigate

263
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Table 1.—Species list and number of individuals of cursorial arachnids (Araneae, Opiliones and Scorpiones) collected in the five experimental

treatments of cerrado sensu stricto in central Brazil.

Treatment

Species CT EB MB LB QD Total

Anyphaenidae

Aysha sp. 0 0 0 1 0 1

Barychelidae

Neodipbthele sp. 1 0 1 7 1 5 14

Neodiplothele sp. 2 2 4 10 10 9 35

Sasoninae sp. 1 0 0 0 0 1

Caponiidae

Caponina notahilis (Mello-Leitao 1939) 0 0 0 1 0 1

Nops sp. 3 2 0 1 2 8

Corinnidae

Ahapeba rioclaro Bonaldo 2000 2 10 12 2 12 38

Castkmeira sp. 8 3 0 0 0 11

Carina capita (Lucas 1856) 1 12 10 1 10 34

Corinnidae sp. 1 5 6 5 1 2 19

Corinnidae sp. 2 16 3 0 3 2 24

Falcanina gracilis (Keyserling 1891) 1 2 2 5 1 11

Mazax sp. 2 0 0 0 0 2

Paradiestus giganteus (Karsch 1880) 0 3 1 4 2 10

Xerapiga camilae De Souza & Bonaldo 2007 3 3 3 0 3 12

Xerapiga tridentiger (O. Pickard-Cambridge 1869) 17 2 5 4 8 36

Ctenidae

Calocteninae sp. 0 0 1 0 0 1

Isocterms caxalis (F.O. Pickard-Cambridge 1902) 1 5 2 2 0 10

Isactenus sp. 19 1 0 0 0 20

Parabatmga brevipes (Keyserling 1891) 93 30 31 24 34 212

Phoneutria eickstedtae Martins & Bertani 2007 0 1 1 1 1 4

Deinopidae

Deinapis sp. 1 0 0 0 0 1

Dipluridae

Diplura sp. 1 2 4 6 11 6 29

Diplura sp. 2 1 22 9 4 6 42

Isclinathele ammlata Tullgren 1905 5 0 3 0 0 8

Gnaphosidae

Apapylliis silvestrii (Simon 1905) 26 74 68 24 30 222

Apapylilts sp. 1 2 2 0 0 1 5

Camillina sp. 23 3 7 1 1 35

Eilica modesta Keyserling 1 89

1

10 7 11 9 13 50

Eilica rujithorax (Simon 1893) 0 0 1 2 3 6

Lycosidae

Aglaoctenus lagotis (Holmberg 1876) 6 1 1 0 '0 8

Alopecosa moestci (Holmberg 1876) 1 5 9 2 17 34

Alapecasa sp. 1 0 4 6 4 4 18

Alopecosa sp. 2 431 0 0 0 0 431

Alopecosa sp. 3 5 7 10 8 3 33

Arctosa sp. 1 22 18 5 12 6 63

Arctosa sp. 2 71 6 12 5 11 105

Hogna gumia (Petrunkevitch 1911) 66 63 50 19 48 246

Hogna sternalis (Bertkau 1880) 6 11 7 2 10 36

Lycosa anroguttata (Keyserling 1891) 1 3 8 6 4 22

Lycosa erytlirognatha Lucas 1836 21 6 4 22 8 61

Lycosa inornata Blackwall 1862 1 1 2 6 9 19

Lycosa thorelli (Keyserling 1877) 1 5 11 11 11 39

Lycosinae sp. 1 26 16 25 12 12 91

Lycosinae sp. 2 0 19 10 33 30 92

Pavocosa sp. 0 6 1 2 4 13



FREIRE-JR. & MOTTA—EFFECTS OF FIRE ON CURSORIAL ARACHNIDS 265

Table 1.—Continued.

Treatment

Species CT EB MB LB QD Total

Trochosa sp. 58 47 28 13 37 183

Nemesiidae

Pvcnothele sp. 1 2 9 6 5 13 35

Pvcnothele sp. 2 2 8 4 11 6 31

Pvcnothele sp. 3 1 9 7 5 7 29

Oxyopidae

Peiicetia sp. 1 11 0 0 0 0 11

Pencetia sp. 2 0 1 1 0 0 2

Oxyopes sp. 0 1 0 0 0 1

Hamataliwa sp. 1 0 0 0 0 1

Palpimanidae

Palpimanidae sp. 1 1 3 6 0 0 10

Palpimanidae sp. 2 0 1 2 0 1 4

Palpimanidae sp. 3 0 1 1 0 0 2

Philodromidae

Philodromidae sp. 1 10 1 0 2 0 13

Philodromidae sp. 2 5 0 0 1 0 6

Philodromidae sp. 3 0 0 2 0 0 2

Philodromidae sp. 4 0 0 2 0 0 2

Scytodidae

Scytodes itapevi Brescovit & Rheims 2000 0 0 1 0 0 1

Sparassidae

Polybetes sp. 0 0 2 0 1 3

Quemedice enigmaticus Mello-Leitao 1942 5 0 0 1 2 8

Quemedice piracuruca Rheims, Labarque & Ramirez

2008 0 1 0 0 0 1

Sparassidae sp. 0 0 1 0 1 2

Nephilidae

Nephila clavipes (Linnaeus 1767) 1 0 0 0 0 1

Theraphosidae

Acanthoscurria aff. gomesiana 8 5 6 5 9 33

Hapalopus sp. 3 5 12 9 8 37

Oligoxystre boliviamim (Vol 2001) 3 1 0 2 3 9

Sickius longibulbi Soares & Camargo 1948 0 11 22 6 8 47

Theraphosinae sp. 1 0 4 1 5 3 13

Theraphosinae sp. 2 1 0 2 0 2 5

Theridiidae

Argyrodes sp. 0 0 1 1 I 3

Euryopis sp. 1 0 3 2 1 0 6

Euryopis sp. 2 0 2 0 0 0 2

Latrodectus geometricus C.L. Koch 1841 1 2 1 0 1 5

Steatoda ancorata (Holmberg 1876) 2 0 0 4 0 6

Steatoda diamantina Levi 1962 25 3 2 4 2 36

Theridiidae sp. 1 0 1 0 0 0 1

Theridion sp. 1 0 7 0 0 0 7

Theridion sp. 2 0 0 0 0 10 10

Thomisidae

Strophius sp. 3 1 0 2 0 6

Tmarus sp. 1 0 0 0 1 0 1

Tmarus sp. 2 1 0 0 0 0 1

Tmarus sp. 3 0 0 0 1 1 2

Tmarus sp. 4 1 0 0 0 0 1

Titanoecidae

Goeldia sp. 0 0 0 1 0 1
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Table 1.—Continued.

Treatment

Species CT EB MB LB QD Total

Trechaleidae

Syntreclialea brasilia Carico 2008 0 0 1 0 1 2

Zodariidae

Cybaeockmms meridionalis Lise, Ott & Rodrigues 2010 3 2 7 0 1 13

Cybaeodamus sp. 0 12 1 0 0 13

Leprolochus birabeni Mello-Leitao 1942 54 62 35 29 46 226

Opiliones

Eiisarcus adiinciis (Mello-Leitao 1942) 0 2 1 1 0 4

Gryne coccineloides (Mello-Leitao 1935) 5 8 1 6 3 23

Stygniis midtispinosus (Piza 1938) 2 12 7 5 1 27

Scorpiones

AmiiUeris bcdzanii Thorell 1891 10 9 6 5 1 31

Bothriurus aragiiayae Vellard 1934 12 47 32 2 12 105

Tityiis fasciolatus Pessoa 1935 0 9 3 1 3 16

Total 1135 671 574 387 524 3291

the effects of treatments (main factor) and month (repeated

measures) on the abundance, richness, diversity and evenness

(all response variables). Later, we applied a Bonferroni

multiple comparison test (a < 0.005) for the required number
of comparisons (n = 10). We identified and removed outliers

from the analysis, and applied transformations (log or square

root) to the distribution of data in order to comply with the

assumption of homogeneity of variances when necessary

(Tabachnick & Fidel 2006; Crawley 2007). These analyses

were used because they take into account the temporal

autocorrelations, since the experimental units were sampled

repeatedly over time (Quinn & Keough 2002).

We used rarefaction based on Mao Tau values and by the

nonparametric estimator Jacknife 1, using 1000 randomiza-

tions without replacements by Estimates (Colwell 2005). The
Jacknife estimators, in general, have been found to perform

quite well in extrapolation of species richness with less bias,

less dependence on sample size and greater precision than

other estimators (Brose et al. 2003). We used the Renyi profile

to measure the diversity of the arachnid community. While

traditional diversity indices supply point descriptions of

community structure, according to the Renyi Equation there

is a continuum of possible diversity measures that equally

consider both rare and abundant species (Tothmeresz 1995;

Ricotta 2003). Additionally, we used Shannon-Wiener and

Simpson formulas. These indices reflect different aspects of

diversity: Shannon’s is sensitive to rare species, whereas

Simpson’s is more sensitive to changes in abundance of

common species (Magurran 2004). Furthermore, both these

indices are widely used in ecological studies and will enable

comparisons with other similar studies.

We used MANOVA and Linear Discriminant Analysis

(LDA) to separate the groups based on species composition,

considering only the species with more than 10 individuals. To
verify the similarity in species composition between areas, we
used hierarchical cluster analysis with the single linkage

clustering method and Bray-Curtis distance. This method is

commonly used in community studies, since it gives more

weight to abundant species (extensively sampled) in the

separation of groups (Magurran 2004). The Renyi and Pielou

indices, cluster analysis and the hypothesis tests were

performed using the statistical program R-2.10.0 (R Devel-

opment Core Team 2009) and the BiodiversityR package.

RESULTS

Sampling effort.—We collected 4,132 individuals, including

2,699 males (65%), 592 females (15%) and 849 juveniles (20%),

representing 98 species (Table 1). The rarefactions based on

MaoTau and Jacknife 1 values indicated that our sampling

effort was suitable to collect most of arachnid species in each

area (Fig. 1). The most abundant species were Alopecosa sp. 2,

Hogna gumia and Leprolochus birabeni. Twenty-nine species

(30%) were represented by fewer than five individuals

(Table 1).

The fire regimes explained most (52%) of the variation in

abundance values. In the control area, there were significantly

more spiders captured than in LB and QD (F4,i 8-69 = 6.2, P <
0.001, Fig. 2). There was no significant difference in abundance

between CT and EB {P = 0.71) or MB area (P = 0.35). The

areas had similar richness ( 4̂18-69 = 2.0, P = 0.08, Figs. la,3).

The control area had the lowest equitability (Pielou),

differing significantly from all other areas under fire regimes

(' 4̂ , 18-69 = 3.0, P = 0.02, Fig. 4). The areas subjected to fire

individuals were more evenly distributed amongst the species.

Based on the Renyi index values, the control area had the

lowest diversity in relation to experimental fire areas (Fig. 5),

although the differences are only marginally significant when

alpha values are equal to 4 (i/4 : 9.34, P = 0.053). Intersections

of profiles (Fig. 5) indicate that the areas cannot be separated

based on the community as a whole (dominant and rare

species taken simultaneously).

According to the Shannon-Wiener index, the areas could be

separated into three groups (F4 ,i 8-69 = 18, P < 0.01): the first,

composed of MB and QD, had the highest diversity; the

second (EB and LB), had intermediate diversity; and CT had

the lowest diversity. The Simpson index (p4 ,i 8-69 = 13, P <
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a

1 11 21 31 41 51

Samples

Figure 1.—Rarefaction values generated from 1000 randomizations without reposition and with a 95% confidence interval, performed in five

experimental treatments of the Fire Project, a. MaoTau ; b. Jacknife 1.

0.01) indicated that QD had the highest diversity, followed by

MB and LB, while the treatments EB and CT presented the

lowest diversity of arachnids (Table 2).

Species composition and similarity between treatments.—The
treatments differed in species composition (Wilk’s Lambda =

0.034, df = 4.9, P < 0.01, Fig. 6). The control area was
characterized by higher abundance of Alopecosa sp. 2 and
Philodromidae sp. 2.; the QD plot featured Theridion sp. 2,

and the treatments with biennial fire (EB, MB and LB) had
more Isoctenus coxalis and Palpimanidae sp. 1

.

The hierarchical cluster analysis split the composition of the

soil arachnids into two groups (Mantel r = 0.97, P < 0.01),

one containing the control area (CT), and the other including

all areas subjected to different burning regimes. Within the

second group, LB area was separated from the others, which
were very similar to each other in species composition (Fig. 7).

DISCUSSION

Abundance.—Slightly lower abundance in the late burning

regimes (LB and QD) is consistent with the studies by

Andersen et al. (2005) on the responses of cursorial Australian

spiders to savannah burning and Ferrenberg et al. (2006) in

American coniferous forest. Moreover, Moretti et al. (2002)

found an increase in the abundance of spiders because of a

higher frequency of burning in the Swiss Alps. Several factors

may explain the variation in abundance patterns presented,

among which are the types of vegetation, spider guild or

groups of species. Beside the differences in burning regime the

differences in abundance were probably due to structural

changes in the environment and not to the direct effects of fire

(mortality). According to Miranda et al. (1993), savannah fires

are of short duration and do not promote a significant

increase in soil temperature at depths greater than five

centimeters. Thus, individuals that are sheltered at the time

of burning are protected from lethal temperatures promoted

by fire (Ghione et al. 2007). It is noteworthy that the onset of

the rainy season marks the reproductive period of most

species, and fire at that time may eventually promote

reductions in population, since individuals are more active

and therefore more exposed to the adverse effects of fire.

Species richness.—Given the similarity in the values of

richness, there is no support for the Intermediate Disturbance

Hypothesis of Connell, where high richness would have been

expected in the intermediate stage of disturbance in frequency

(QD) or season (MB). These results agree with the pattern

proposed by Mackey and Currie (2000), that richness shows
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Figure 2.—Boxplot of abundance of cursorial arachnids collected in the five experimental treatments. Different letters indicate significant

difference (P < 0.05) between the abundance of treatments.
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Figure 3.—Boxplot of richness of cursorial arachnids collected in the five experimental treatments.



FREIRE-JR. & MOTTA—EFFECTS OF FIRE ON CURSORIAL ARACHNIDS 269

Treatments

Figure 4.—Boxplot of evenness values (Pielou’s J) for the species collected in the five experimental treatments. Different letters indicate

significant difference (P < 0.05) between the evenness of treatments.

Figure 5.—Renyi diversity profiles (a = 0, ...oo) for the five experimental treatments.
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Table 2.—Diversity values calculated from Shannon-Wiener and

Simpson indices for the five experimental treatments. Different letters

indicate significant difference {P < 0.001) between the treatments,

using a pair-wise comparison.

Treatment

Shannon-Wiener Simpson

mean ± SD mean ± SD

CT 2.38 ± 0.12 a 6.12 ± 0.2 a

EB 3.08 ± 0.16 b 14.8 ± 1.2 b

MB 3.22 ± 0.17 c 18.3 ± 2.1 c

LB 3.11 ± 0.21 b 17.9 ± 2.4 c

QD 3.25 ± 0.21 c 21.1 ± 2.5 d

little variation in response to environmental disturbances and

to the lack of a wide gradient of disturbance.

Species composition, diversity, and evenness.—Little is

known about the specific habitat of arachnids in the cerrado;

however, the fact that Alopecosa sp. 2 was restricted to the CT
area indicates that this species exhibits a preference for

environments preserved from fire and with high densities of

woody plants. In addition, Theridion sp. 2 was more abundant

in the QD area, and Isoctenus coxalis and Palpimanidae sp. 1

in areas with a biennial burning regime (EB, MB and LB). The
results indicate that the fire did not affect the number of

species, but reduced the population size and increased the

evenness, thereby promoting a greater diversity of species of

cursorial arachnids. Mackey & Currie (2000) pointed out that

evenness can be strongly influenced by fires, which was

confirmed by this study.

However, it is not possible to corroborate the Intermediate

Disturbance Hypothesis based on the results presented here,

due to the impossibility of clearly ordering diversity among the

areas subjected to fire. Furthermore, in contemplating a wider

disturbance gradient, for example, the long time lag between

the area burned every 4 yr (QD) and the area preserved for

36 yr, it is impossible to predict the diversity in areas burning

often within that time frame. These results agree with Mackey
and Currie (2001), who suggest that when the diversity peak is

not reached in a moderate stage of disturbance this is, in most
cases, due to the paucity of studies on broader levels of

disturbance. This lack of methodological amplitude causes a

weak correlation between diversity and moderate perturba-

tions. Another important aspect that has not been considered

is the influence of different successional stages of vegetation

on the community of cursorial arachnids in the cerrado, being

an important issue to be investigated in further studies.

Similarity.—The groups formed by the cluster analysis

suggest two areas with different burning frequencies, but the

same period (MB and QD), are very similar in composition of

arachnids.

The lack of rain, while promoting the loss of fuel moisture

available to burn during the dry season, influences the

behavior of fire through the dry season (Miranda et al.

2002). Thus, it is expected that burning in the same season in

the cerrado will modify the vegetation and litter in a similar

way, therefore promoting the coexistence of spider species

with similar environmental requirements.

Concluding, the areas subjected to fires presented a higher

diversity than unburned areas, and burned areas in the middle

of the dry season tended to have higher diversity than areas

burned at the beginning or end of this season, indicating that

the timing of fire may be more important than the frequency

of burns on the diversity of cursorial arachnids in the Brazilian

savannah (cerrado).

LDA1
Figure 6.—Canonical variables obtained from the discriminant function generated by the distribution of cursorial spiders present in five

experimental treatments.
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Figure 7.—Hierarchical cluster analysis based on the composition

of arachnid assemblage, and with reference to the Bray-Curtis values

for separation of groups.
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New species of Xemcytaea Berry, Beatty & Proszynski 1998 (Araneae: Saltiddae) from Fiji and the

Solomon Islands
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Abstract. Four new species of Xenocytaea: X. stanislawi, X. taveuniensis, X. vicloriensis, and X. vonavonensis are described

from Fiji and the Solomon Islands. X. anoiuala Berry et al. 1998 is excluded from the genus. The remarks on distribution

and relationships are compared with literature data.

Keywords: Taxonomy, Pacific region, spider

Over the last two decades, the salticid fauna of Southwest

Pacific Islands has been the subject of intense taxonomic and

biogeographical studies (Jendrzejewska 1995; Berry et al.

1996, 1997, 1998; Gardzihska & Patoleta 1997, 2010; Szuts

2002, review in Zabka 2007; Patoleta 2008a, 2008b, 2009;

Patoleta & Gardzihska 2010). The research has included Fiji

and New Caledonia, the archipelagos being of different age,

origin, biota, and distance from other faunas. Although

numbers of species from both areas are quite large (44 and 22

respectively), and most of them were described at the turn of

nineteenth and twentieth centuries, they are poorly document-

ed and difficult or impossible to identify.

The current work, devoted to the genus Xenocytaea Berry,

Beatty & Proszynski 1998, is based on new and old material

and is aimed to present an updated taxonomic account of the

genus.

METHODS
The studies of Fijian and New Caledonian salticid faunas

have been based on a large collection of material gathered by

professionals (hand collecting, fogging, light and pitfall

trapping, sieving) in different periods and areas, and include

over 1100 specimens from several collections (Queensland

Museum, Brisbane; Museum National d’Histoire Naturelle,

Paris; American Museum of Natural History, New York;

Western Australian Museum, Perth; Hungarian Natural

History Museum, Budapest; Senckenberg-Museum, Frank-

furt; personal collections of A. Russell-Smith and T. van
Harten). To find Xenocytaea specimens, I have reviewed the

comparative materials from the Solomons, Loyalty Island,

West Samoa, Cook Island, Lord Howe, and Tonga Island.

Among all of them, only 20 specimens were Xenocytaea. All

specimens treated here are deposited in the Queensland

Museum, Brisbane (QMB), except for the holotype of X.

vonavonensis, which is deposited in the Zoologisches Museum
der Humboldt-Universitat, Berlin (ZMB).
The drawings were made using a grid system. Dissected

epigynes were digested in 10% KOH and stained in chlorazol

black E whenever necessary. Measurements are given in

millimeters. The details of terminology for genitalia are

illustrated in the figures. Photographs were taken with a

Canon PowerShoot A620 digital camera and a compound
microscope, and processed with ZoomBrowser and Helicon

Focus software.

Abbreviations used: AEW - anterior eye width, a - arch

(sclerotized anterior epigynal border), agl, ag2 - accessory

glands, AME - anterior median eyes, AL - abdomen length,

CH - cephalothorax height, CL - cephalothorax length, c -

cymbium, co - copulatory openings, CW - cephalothorax

width, dta - dorsal tibial apophysis, e - embolus, EFL - eye

field length, mta - middle tibial apophysis, m - metatarsus, ma
- margin of the arch, p - posterior pocket, PEW - posterior

eye width, sd - sperm duct, t - tibia, tg - tegulum, ta - tibial

apophysis, vta - ventral tibial apophysis.

TAXONOMY

Genus Xenocytaea Berry, Beatty & Proszynski 1998

Type species: Xenocytaea triramosa Berry, Beatty &
Proszynski 1998

Diagnosis: see Berry, Beatty & Proszynski 1998:181-182.

Current list of species and their distribution: X. daviesae

Berry, Beatty & Proszynski 1998: Viti Levu Island (Fiji)

X. maddisoni Berry, Beatty & Proszynski 1998: Viti Levu

Island (Fiji)

X. stanislawi sp. n.: Viti Levu Island (Fiji)

X. taveuniensis sp. n.: Taveuni Island (Fiji)

X. triramosa Berry, Beatty & Proszynski 1998: Viti Levu

Island (Fiji)

X. victoriensis sp. n.: Viti Levu Island (Fiji)

X. vonavonensis sp. n.: Vonavona Island (Solomon Islands)

X. zabkai Berry, Beatty & Proszynski 1998: Viti Levu Island

(Fiji)

Excluded species: Xenocytaea anomala Berry, Beatty &
Proszynski 1998

The species (Berry et al. 1998:186-188, figs. 1 16-121) differs

from other representatives of Xenocytaea by its ventral

spination on tibia 1, absence of the epigynal arches, presence

of tegular extension (Fig. 36, here), the course of sperm duct

(Fig. 38, here), the shape of spermathecae, and insemination

ducts.

273
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KEY TO THE SPECIES OF XENOCYTAEA
Males

1. Tibia with three apophyses (Figs. 13-15) 2

Tibia with one apophysis (Figs. 16,17) 4

2. Median apophysis slender, the ventral one hook-like (Fig. 15) ................................. X. victoriemis sp. n.

Median apophysis wide and short (Figs. 13, 14) 3

3. Dorsal and the median apophyses serrated (Fig. 14), cymbium wide (Fig. 9) ........................ X. stanislawi sp. n.

Dorsal and the median apophyses not serrated (Figs. 13, 27), cymbium tip conical (Fig. 8) . . . X. triramosa

4. Tibial apophysis bicuspidate (Fig. 16) .................................................. Z taveuniensis sp. n.

Tibial apophysis not bicuspidate 5

5. Embolic base flat (Figs. 13-16) 6

Embolic base protuberant (Fig. 17) X. vonavonensis sp. n.

6. Anterior part (base) of the bulbus with hook-like process (Fig. 35) Z. daviesae

Bulbus without hook-like process (Fig. 34) Z. maddisoni

Females

1. Central pocket present (Figs. 20, 21, 31) 3

Central pocket absent 2

2. Insemination ducts joining the spermathecae posterolaterally (Fig. 23) Z. stanislawi sp. n.

Insemination ducts joining the spermathecae laterally (Fig. 22) .............................. Z. triramosa

3. Central pocket oriented rearwards (Fig. 39) 4

Central pocket oriented forwards (Figs. 20, 21, 40) 6

4. Margin of the arch sinuous (Fig. 39) Z. daviesae

Margin of the arch semicircular, non-sinuous (Figs. 20, 2!, 40) 5

5. Margin of the arch widely separated from the pocket (Fig. 40) Z. zabkai

Margin of the arch lying close to the pocket (Fig. 39) ............................................ Z. maddisoni

6. Copulatory openings hidden under the arch (Fig. 20) Z. victoriensis sp. n.

Copulatory openings well visible, not hidden under the arch (Fig. 21) ............... Z. taveuniensis sp. n.

Bulbus wide. Embolus coiled counterclockwise, set prolater-

ally. Dimensions: CL 1.99, CW 1.52, CH 1.12, AL 1.69, AW
1.26, AEW 1.44, PEW 1.40, EFL 1.06.

Female (Figs. 19, 23): Cephalothorax light brown with

patches of white scales at sides and near the PME and PLE.

Ocular area dark brown. Chelicerae brown with round frontal

surfaces, promargin with 2 teeth, retromargin with single

bicuspidate tooth. Maxillae, labium and sternum light brown.

Labium length 60% of maxillae length. Clypeus brown with

single protruding seta, its height 32% of AME diameter. Legs

yellowish, their ventral spination: ml 2-2, tl 2-2, mil 2-2, til 2-2-

2, mill 1-2, till 1-2, mlV 1-2, tIV 1-0-2. Leg formula: IV-III-WI.

Abdomen light with darker pattern as in male. Spinnerets light

brown. Epigyne similar to X. triramosa. The margin of arch a

little sinuous, resembling X. daviesae. Copulatory openings not

hidden under the scierotized arch of epigynal border (Fig. 19).

Insemination ducts a little longer than in X. triramosa (Fig. 23),

opening more posteriorly to the globular spermathecae. Acces-

sory glands as in Fig. 23. Dimensions: CL 2.09, CW 1.56, CH
1.30, AL 1.88, AW 1.59, AEW 1.51, PEW 1.42, EFL 1.15.

Xenocytmea victoriensis new species

Figs. 7, !0, 15, 20, 24, 29, 30, 33

Material examined.— 1 male holotype QMB S35610a, FIJI:

Viti Levu, Mt. Victoria, 25 July 1987, 900 m, pyrethrum: trees

and logs, G. Monteith & D. Cook; 1 female allotype QMB
S35610, same data; 1 1

juv. same data.

Distribution.—FIJI: Viti Levu (Fig. 41).

Etymology.—From the type locality - Mt. Victoria.

Diagnosis.—Chelicerae with single, not bicuspidate tooth

(Fig. 7). Tibial apophyses longer and more slender than in X.

Xenocytaea stanislawi new species

Figs. 1-6, 9, 14, 19, 23, 26

Material examined.— 1 male holotype, QMB S35609a, FIJI:

Viti Levu, Nadarivatu Reserve, 850 m, G. Monteith & D.

Cook, 25-26 July 1987; 1 female allotype, QMB S35612a,

same locality, G.B. & S.R. Monteith, 1 1-12 July 1987; 1 male

paratype, QMB S35609a, same locality, G. Monteith & D.

Cook, 25-26 July 1987.

Distribution.—FIJI: Viti Levu (Fig. 41).

Etymology.—To my father Stanislaw Jendrzejewski

Diagnosis.—In comparison with Z. triramosa, cymbium
shorter and wider with flat tip, tibial apophyses longer, ventral

tibial apophysis slender, dorsal and the median ones serrated,

insemination ducts a little longer, joining the spermiathecae

posterolaterally (instead of laterally).

Description.—Male (Figs. 1-6, 9, 14, 26): Cephalothorax

brown, with numerous whitish scales. Eye surroundings dark

brown. Chelicerae brown, their frontal mid-anterior surfaces

concave, promargin with 2 teeth, retromargin with single

bicuspidate tooth (Fig. 3). Labium twice as long as maxillae,

both light-brown. Sternum light-brown (Fig. 2). Clypeus

brown, covered with grayish hairs, its height about 42% of

AME diameter. Legs slender, yellowish. Tibia I slender,

metatarsus and tibia with ventral fringes of black long setae

(Fig. 6). Other legs not distinctive. Leg spination: ml 2-2, tl 2-

2, mil 2-2, tll 2-2-2, mill 1-2, till 1-2, mlV 1-2, tIV 1-1-2. Leg

formula: IV-III-I-II. Abdomen whitish, with light brown
pattern (Fig. 1), its ventral part whitish. Spinnerets light

brown. Palpal patella and femur with ventrolateral delicate

brown setae. Tibia short, with long brown and white hairs.
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Figures 1-7. 1-6: Xenocytaea stanislawi, male holotype from Viti Levu (Fiji). 1. General appearance; 2. Ventral part; 3. Cheliceral dentition; 4.

Lateral view; 5. Frontal view; 6. Leg I. 7.

—

X. victoriensis, male holotype from Viti Levu (Fiji), cheliceral dentition. Scale as in figures.

triramosa and X. stanislawi sp.n. Sclerotized arch present.

Central pocket of medium depth, oriented rearwards. Copu-
latory openings hidden under the arch. Insemination ducts

resemble X. zabkai, but the distal parts of spermathecae

globular (instead of duct-like).

Description.

—

Male (Figs. 7, 10, 15, 30, 33): Cephalothorax

dark brown with two lateral stripes of numerous whitish

scales. Ocular area dark brown. Chelicerae brown. Labium
length 68% of maxilla length, both gray-brown. Sternum light

brown. Clypeus narrower than in X. triramosa and without

grayish hairs, its height 35% of AME diameter. Legs gray-

yellow, distally slightly darker, their ventral spination: ml 2-2,

tl 1-2, mil 2-2, tll 1-0-2, mill 2-2, till 2-2, mlV 1-2, tIV 1-0-2.

Leg formula: IV-III-I-II. Abdomen grayish with darker

pattern similar to previous species, with white scales and

some brown hairs. Venter gray. Spinnerets light brown. Palpal

patella and femur without any distinctive setae, tibia short, its

ventral apophysis hook-like (Fig. 15). Cymbium narrow.

Embolus coiled anti-clockwise, set anterolaterally (Fig. 10).

Dimensions: CL 1.75, CW 1.35, CH 1.05, AL 1.50, AW 1.25,

AEW 1.40, PEW 1.25, EFL 0.85.

Female (Figs. 20, 24, 29): Cephalothorax dark brown with

numerous white scales, especially at the sides and near the

posterior eyes. Ocular area dark-brown. Chelicerae brown.

Maxillae light brown, labium and sternum brown. Clypeus

brown, its height 39% of the diameter of AME. Legs gray-



276 THE JOURNAL OF ARACHNOLOGY

0.26

13 14 15 16 17

Figures 8-17. Xenocytaea, palpal organ of holotypes. Palp ventrally (8-12): 8. X. triramosa (by J. Proszynski); 9. X. stanislawi; 10. X.

victoriensis; ll. X. laveimiensis; 12. X. vonavonensis. Palp laterally (13-17): 13. X. triramosa (by J. Proszynski); 14. X. stanislawi, 15. X. victoriensis;

16. X. taveimiensis- 17. X. vonavonensis. Scale as in figures.

Figures 18-25. Xenocytaea, epigynum of allotypes: 18. X. triramosa (by J. Proszynski); 19. X. stanislawi; 20. X. victoriensis; 21. Y. taveimiensis.

Internal structure of epigynum (22-25): 22. X. triramosa (by J. Proszynski); 23. X. stanislawi; 24. X. victoriensis; 25. X. taveimiensis. Scale as

in figures.
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Figures 26-33. 26. Xenocytaea stcmiskiwi, male holotype, frontal view; 27. X. Iriranwsa, male palp, lateral view; 28. X. taveuniensis, male

holotype, dorsal view; 29. X. victoriensis, female allotype, dorsal view; 30. X. victoriensis ventral view; 31. X taveimiensis, epigynum. 32. X.

vovavonensis, male dorsal view; 33. X. victoriensis, male holotype, dorsal view. Scale l.OOmm.

yellow, slightly darker distally, their ventral spination: ml 2-2,

tl 2-2, mil 2-2, tll 1-0-2, mill 2-2, till 1-2, mlV 2-2, tIV 1-0-2.

Leg formula; IV-III-I-II. Abdomen and venter gray with light

spots (Fig. 29). Spinnerets brownish. Epigyne with sclerotized

arch, its anterior border similar to X. zabkai (Fig. 24).

Posterior pocket like in X. daviesae, but orientated rearwards.

Insemination ducts long, S-shaped. Proximal parts of sper-

34 35 36

Figures 34-38. Schematic drawings of the male palp showing
tegulum shape and sperm duct (34-36), hook-like process (35),

retrolateral proximal extension (36) and sperm duct making retro-

lateral loop (38).

mathecae duct-like, distal ones globular. Accessory glands as

in Fig. 24. Dimensions: CL 1.86, CW 1.38, CH 1.20, AL 2.28,

AW 1.80, AEW 1.44, PEW 1.26, EFL 0.90.

Xenocytaea taveuniensis new species

Figs. 11, 16, 21, 25, 28, 31

Material examined.— 1 male holotype, QMB S35598, FIJI:

Taveuni, L. Tagimaucia track, 15 July 1987, 500-600 m, coll.

G. Monteith & D. Cook. 1 female allotype, QMB S35586, Fiji:

Taveuni, L. Tagimaucia track, 16°48'S, 179°57'W, 800 m,

rainforest, litter, moss, coll. G. Monteith «fe D. Cook, 15 July

1987.

Distribution.—FIJI: Taveuni (Fig. 41).

Etymology.—From the type locality - Taveuni Island.

Diagnosis.—In comparison to closely related X. maddisoni,

tibial apophysis bicuspidate, not hooked (Fig. 16) and

embolus set anterolaterally. Copulatory openings not covered

by the arch. Posterior pocket deep. Insemination ducts short

and wide.

Description.—M«/e(Figs. 11, 16, 28): Cephalothorax brown

with light brown sides, covered with white scales forming

lateral stripes. Eye field dark brown. Chelicerae brown

39 40

Figures 39, 40. Schematic drawings of the epigyne, showing the

shape of anterior epigynal border, its orientation and position.
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Figure 41. Geographical distribution of the genus Xenocytaea.

QX. ckiviesae, QX. maddisoni, ©Y. stcmislawi, @X. triramosa, victoriensis, @ X. zahkai. Q X. taveimiensis, ©X. vonavonensis.

retromargin with single bicuspidate tooth, promargin with 2

teeth. Maxillae and sternum yellow, labium gray-yellow, its

length 60% of maxillae. Clypeus yellow, height 29% of the

AME diameter. Legs whitish, their ventral spination: ml 2-2,

tl 0-0, mil 2-2, tll 0-0-0, mill 2-2, till 1-2, mlV 1-2, tIV 1-0-2.

First metatarsus, tibia, patella and femur darker posterolat-

erally. Leg formula: IV-III-I-II. Abdomen gray-yellow with

darker pattern (Fig. 28). Venter whitish. Spinnerets light

brown. Palpal tibial apophysis simple (Figs. 11, 16). Cymbium
narrow. Embolus coiled anti-clockwise. Sperm duct wavy.

Dimensions: CL 1.96, CW 1.32, CH 1.08, AL 1.56, AW 1.00,

AEW 1.28, PEW 1.20, EFL 0.92.

Female (Figs. 21, 25, 31): Cephalothorax brown, covered

with numerous white scales. Eye field dark brown. Chelicerae

with 2 promarginal teeth and retromarginal bicuspidate tooth.

Maxillae and sternum yellow, labium brown. Clypeus height

46% diameter of AME. Legs light brown, distally darker, their

ventral spination: ml 2-2, tl 1-2, mil 2-2, tll 1-0-2, mill 2-2,

till 1-2, mlV 2-2, tIV 1-0-2. Leg formula: IV-III-I-II.

Abdomen gray-yellow with dark spots and transverse light

strip. Venter whitish. Spinnerets brown. Epigynal pocket deep,

located posteriorly and oriented rearward. Copulatory open-

ings not hidden under the arch. Insemination ducts long, S-

shaped, resembling X. victoriensis but wider. Proximal parts of

spermathecae duct-like, distal ones globular. Accessory glands

as in Fig. 25. Dimensions: CL 1.95, CW 1.55, CH 1.15, AL
2.05, AW 1.65, AEW 1.40, PEW 1.35, EFL 0.80.

Xenocytaea vonavonensis new species

Figs. 12, 17, 32

Materia! examined,— ! male holotype, SOLOMON IS.:

Vonavona Is., A. van Harten, 24 Jan 1995, ZMB.
Distribution.—SOLOMON IS.: Vonavona Is. (Fig. 41).

Etymology.—From Vonavona Isand, where the material

was found.

Diagnosis.—Cephalothorax and abdomen with patches of

iridescent scales. Embolic base protuberant. Tibial apophysis

simple, resembling X. daviesae and X. maddisoni, but strongly

hook-like.

Description .—Male (Figs. 12, 17, 32): Cephalothorax dark

brown with numerous iridescent scales on sides and near the

eyes, eye surroundings black. Chelicerae brown, promargin

with 2 teeth, retromargin with single bicuspidate tooth.

Maxillae, labium, and sternum brown. Labium length 60%
of maxillae length. Clypeus brown, its height 26% of AME
diameter. Legs whitish, femur I and II and coxae III and IV

darker postero-retrolaterally, their ventral spination: ml 2-2,

tl 2-2-2, mil 2-2, tll 0-0-0, mill 2-2, till 1-2, mlV 1-2, tIV 1-0-

2. Leg formula: IV-III-I-II. Dorsal and ventral abdomen
whitish with gray-brown spots and iridescent scales. Spinner-

ets yellowish. Palpal organ as in Figs. 12, 17. Cymbium
narrow, tibial apophysis simple, resembling X. daviesae and X.

maddisoni, but in lateral view strongly hooked. Embolus set

anterolaterally. Dimensions: CL 1.38, CW 1.03, CH 0.86, AL
0.98, AW 0.74, AEW 1.06, PEW 0.97, EFL 0.70.

Female: Unknown.

Xenocytaea triramosa Berry, Beatty & Proszyhski 1998

Figs. 8, 13, 18, 22, 27

Material examined.— I male, FIJI: Viti Levu, Colo I-Suva,

Forest Park, A. van Harten, 23-27 Aug. 1995, ZMB.
Distribution.—FIJI: Viti Levu (Fig. 41).

REMARKS ON RELATIONSHIPS

Berry et al. (1998) suggest Xenocytaea relationships with

Cytaea, Chalcotropis, Donoessus and Panysinus. The compar-

ison of male genitalic characters supports Cytaea to be related;

however, female genitalia are completely different. It seems

that in order to determine the precise generic relationships, it is

necessary both to use molecular data and to identify the

outgroup for Xenocytaea.

The genitalic characters within Xenocytaea show distinctive

variation in tibial apophyses, epigynal arch and pocket,

spermathecae and insemination ducts. The simplest palpal



VklOhET^—XENOCYTAEA FROM FIJI AND SOLOMON ISLANDS 279

organ is found in X. maddisoni and daviesae, where the tibial

apophysis is single. X. triramosa, X. stanislawi, and X.

victoriensis have three apophyses; unfortunately, there is no

obvious correlation between male and female genital charac-

ters. Also, at this stage, there is no distinctive connection

between characters of particular species and their distribution

to show the evolutionary tendencies and distributional history

of the genus.
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Abstract. The family Hexisopodidae is endemic to southern Africa. Hexisopodids represent a very peculiar group of

Solifugae. They differ from all other solifuge families through various autapomorpic adaptations to a subterranean mode
of life, most notably the presence of fossorial legs. The phylogeny of the Solifugae is widely unresolved. The ultrastructure

of spermatozoa has successfully been used for phylogenetic analyses in other animal taxa. Therefore, the question arose

whether the morphological peculiarity of the family Hexisopodidae might also be reflected in the ultrastructure of their

spermatozoa. This was investigated for Hexisopus psammophiius Wharton 1981 (Hexisopodidae). Spermatozoa do not

seem to aggregate in the testes, nor in the vasa deferentia. Sperm cells are aflagellate, roundish, and with irregularly shaped
chromatin bodies. Each sperm is surrounded by a secretion sheath, thus representing a typical cleistosperm, the first record

of this form of sperm transfer in solifuges. The sperm cells form finger-like protuberances and contain putative granules of

glycogen, features shared with the Ammotrechidae, Daesiidae and Solpugidae. The acrosomal complex shows additional

similarity with the Solpugidae. Overall, the spermatozoa of H. psammophiius share some ro.orphological features with the

Ammotrechidae and Daesiidae, but mostly resemble that of the family Solpugidae.

Keywords: Camel-spider, sperm cell, fine structure, cleistospermia, phylogeny

Soiifuges, also called camel-spiders, occur worldwide on all

continents with the exception of Australia and Antarctica

(Punzo 1998). They represent one of the mesodiverse arachnid

orders comprising 12 families and about 1087 species (Harvey

2002, 2003). Also known for their great sprint speeds and
voracious feeding behavior, knowledge about, for example,

their systematics, phylogeny, behavior and life cycle is still

superficial and fragmentary. Among the 12 families known to

date, one family, Hexisopodidae (mole- or teddybear soli-

fuges) strikingly differs morphologically from all other

solifuge families through the presence of various autapo-

morphic characters, most notably their fossorial, rather than

cursorial, legs. Highly modified adaptations such as these

often obscure real relationships with other taxa, and the

putative hexisopodid relationships are no exception. The
family Hexisopodidae Pocock 1897 only occurs in southern

Africa (mainly in South Africa and Namibia, but also in

Angola, Zimbabwe, Zambia, and Botswana). Twenty-three

described species are distributed among the two genera

Hexisopus Karsch 1879 and Chelypus Purcell 1902 (Harvey

2003). The main morphological difference between these two
genera is the presence of well developed spines on the

pedipalps of Chelypus, whereas such structures are lacking in

Hexisopus (Roewer 1934). Due to their primarily subterranean

mode of life, the species of Hexisopodidae are extremely

difficult to study in any aspect.

The current classification of solifuges does not recognize

any subordinal or superfamilial arrangement (Harvey 2003).

This classification, based mainly on the taxon delineation

established by Roewer (1934), relies on highly variable

characters not only at the genus level but at the species level

as well. For these reasons, various authors have critically

challenged the current Roewerian system (e.g., Muma 1951,

1976; Harvey 2002).

The ultrastructure of spermatozoa has been shown to

contribute valuable characters to elucidate and to substantiate

phylogenetic hypotheses in many animal groups (e.g., Alberti

1984, 1991; Baccetti 1970; Baccetti & Dallai 1978; Dallai &
Afzelius 1995; Jamieson et al. 1999; Dallai et al. 2003;

Downing Meisner et al. 2005; Liana & Litvaitis 2007). Within

arachnids three different types of sperm cells are known: 1)

filiform flagellate - present only in scorpions (da Cruz-Landim

& Ferreira 1972, 1973; Alberti 1983; Vignoli et al. 2008;

Michalik & Mercati 2010), 2) coiled flagellate - present in

Amblypygi, Uropygi, Araneae, Pseudoscorpiones and Ricinu-

lei (Alberti 1985, 1990, 2000; Alberti & Palacios-Vargas 1984;

Callaini & Dallai 1993; Michalik et al. 2004a, 2004b; Michalik

& Huber 2006; Talarico et al. 2008; Talarico & Michalik 2010)

and 3) aflagellate - present in Acari, Solifugae, Opiliones and

Palpigradi (Alberti 1980a, b, c, 2000, 2005a; Alberti et al.

2009; Klann et al. 2005, 2009).

The morphological variety of spermatozoa within these

groups differs strongly. Spiders and mites exhibit a large

diversity in, e.g., morphology and size of their spermatozoa

(Alberti 1980a, b, 1990, 2000), whereas other groups such as

scorpions, ricinuleids, and solifuges apparently show only

slight variability in their characteristic ground patterns

(Alberti 1983; da Cruz-Landim & Ferreira 1972, 1973;

Talarico et al. 2008; Klann et al. 2009; Michalik & Mercati

2010). Nevertheless, within arachnids these results are only
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included in modern phylogenetic analyses to a limited degree

(Weygoldt & Paulus 1979a, b; Shultz 2007; Dabert et al. 2010;

Pepato et al. 2010). Because many traditional morphological

characters of solifuges have been shown to fail substantial

systematic and phylogenetic requirements as already men-

tioned above, the ultrastructure of solifuge spermatozoa might

be an important contribution towards proposing phylogenetic

hypotheses, not only within solifuges, but also for higher level

arachnid phylogeny. The present study aims to characterize

the fine structure of Hexisopus psammophilus Wharton 1981

(Hexisopodidae) spermatozoa in order to reveal whether there

are any spermatozoal traits that distinguish Hexisopodidae

from other solifuge sperm cells.

METHODS
A male of H. psammophilus was collected at the Gobabeb

Research Station, Namibia (23°34'40.5"S, 16°02'31.3"E)

(Voucher specimen deposited at the National Museum of

Namibia, SMN 14218). The male genital system was removed

and preserved in 2.5% glutaraldehyde in phosphate buffer

(0.1 M, pH 7.2, 1.8% sucrose) at 4° C overnight. Thereafter,

the specimen was rinsed in phosphate buffer and post-fixed in

2% aqueous OSO4 at 4° C for 2 h. After being rinsed in buffer,

the male genital system was dehydrated in graded ethanol

series (60%-absolute). The specimen was embedded in Spurr’s

medium (Spurr 1969). Semi-thin sections were made for

general orientation and stained according to Richardson et

al. (1960). Ultrathin sections (50-70 nm) were made using a

Diatome diamond knife. These sections were placed on

uncoated copper grids and stained with saturated uranyl-

acetate in 70% methanol and lead-citrate according to the

method after Reynolds (1963). Transmission electron micros-

copy was performed with a JEOL-JEM-101 1.

Abbreviations: AF = acrosomal filament, AV = acrosomal

vacuole, bL = basal lamina, C = centriole, CB = chromatin

body, Epi = epithelium, Gly = glycogen, Hd = hemidesmo-

some, Lu = lumen. Mi = mitochondrium, MIB = multi-

lamellar body. Mu = muscle, Mv = microvilli, N = nucleus,

Nu = nucleolus, Pt = protuberances, rER = rough

endoplasmic reticulum, Sec = secretion. Sec 1-3 = secretions

with increasing electron-densities, Sp = spermatozoon, SSh =

secretion sheath, Tr = trachea.

RESULTS

The male genital system of H. psammophilus corresponds

morphologically to the male genital systems of other solifuge

species. Two pairs of long testes (four in total) are present.

Each pair of testes merges into one vas deferens, whereas in

turn the vasa deferentia enter the common genital chamber.

The testes are surrounded by small tracheae and muscle cells

(Fig. 1). The muscles are embedded in the layered basal

lamina (Fig. 2). The epithelial cells in turn are attached to the

basal lamina via hemidesmosomes (Fig. 2). The epithelium of

the testis consists of two different parts, namely the glandular

and the germinal parts. Cells forming the glandular part are

characterized by an extensive amount of rough endoplasmic

reticulum. Centrioles arranged in a tandem position can be

seen in the apical part of this cell type (Fig. 3). The nuclei are

oval or roundish in shape. Apically, the cells are provided with

a microvilli border (Fig. 3). Different kinds of secretions are

produced by the secretory cells in the glandular part (Figs. 4,

5). Medium electron-dense secretion fills the testis lumen

homogenously (see Figs. 3, 7). Additionally, very electron-

dense secretions are released as droplets into the lumen

(Fig. 5). The sperm cells are located in the germinal part of the

testis (Fig. 6). They do not aggregate to groups. Once released

individually into the lumen of the testis (Fig. 7), they are

transported to the vasa deferentia.

The vasa deferentia are surrounded by an extremely thick

muscle layer (Fig. 8). In contrast to the epithelium of the

testis, the epithelium of the vasa deferentia is apparently not

composed of two parts. The epithelium possesses apically a

microvilli border (Fig. 8) and consists of irregularly shaped

cells with prominent nuclei. The cell borders strongly

interdigitate (Figs. 8, 9). Mitochondria and glycogen granules

are also present (Fig. 9). Numerous individual sperm cells and

secretions of different electron-densities are visible in the wide

lumen (Fig. 10). Depending on the orientation of the section

plane, the sperm cells appear oval or circular (Fig. 10). Their

average diameter is about 2-2.5 pm. Very rarely, few sperm

cells are attached to each other and form small stacks

(Fig. 11).

Each individual sperm cell is surrounded by a thin secretion

sheath (Fig. 12). The sperm cell forms finger-like protuber-

ances around its entire surface (Figs. 11-15). The chromatin

body is very irregularly shaped and exhibits a granulate

structure (Figs. 11-15). No nuclear envelope could be

observed. Multilamellar bodies and areas with conspicuous

electron-dense granules, most likely glycogen, are enclosed by

the chromatin body (Fig. 12). The acrosomal complex is

deeply embedded in the chromatin body. It is relatively small,

consisting of the acrosomal vacuole and the acrosomal

filament, the latter originating underneath the small, conical

acrosomal vacuole (Fig. 13). The acrosomal filament runs

through the chromatin body and apparently coils preferen-

tially around the area where the glycogen particles are located.

It does not seem to coil around the chromatin body (Figs. 14,

15).

DISCUSSION

It has been shown in former studies that the spermatozoa of

solifuges exhibit certain seemingly family-specific morpholog-

ical characters (Klann et al. 2009), but some similarities were

also found between families. The finger-like protuberances

and the putative presence of glycogen found here in the sperm

cells of H. psammophilus are similar to those found in the

spermatozoa of Ammotrechidae, some members of Daesiidae

and Solpugidae. Multilamellar bodies, previously only ob-

served in Gluvia dorsalis (Latreille 1817) (Daesiidae) (Klann,

unpubl. data), were also found in the hexisopodid species

studied here.

Hexisopodid spermatozoa have a unique feature in that

every individual sperm cell is surrounded by its own secretion

sheath, thus forming a typical cleistospermium. The formation

of sperm stacks in the lumen of the vasa deferentia could

possibly be caused by occasional adhesion of the secretion

sheaths of different sperm cells. This can also be observed in

other solifugid species in which single sperm cells are common.
Cleistospermia have not been observed in other solifuge

species so far. In contrast to cleistospermia, coenospermia
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Figures 1-7.—Testis. 1. Overview of the epithelium of the testis surrounded by muscles and tracheae. Scale bar 10 pm. 2. The epithelium of the

testis is attached to the basal lamina via hemidesmosomes. Muscles are embedded in the layered basal lamina. Scale bar 2 pm. 3. In the apical part of

epithelial cells constituting the glandular part of the testis centrioles are arranged in tandem position. Large cisternae of rough endoplasmic

reticulum are visible. The nucleus is roundish. Scale bar 5 pm. 4. Different secretions are produced by epithelial cells of the testis. Scale bar 2 pm. 5.

Secretions are released into the lumen of the testis and most likely transported to the vas deferens. Scale bar 2 pm. 6. Individually distributed

spermatozoa are located within the germinal part of the testicular epithelium. Scale bar 2 pm. 7. Single sperm cells are released into the lumen of the

testis. In this section the testis lumen separates cells of the germinal part (lower left) from cells of the glandular part (upper right). Scale bar 2 pm.
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Figures 8, 9.—Vas deferens. 8. The epithelium of the vas deferens is surrounded by a very thick muscle layer. The epithelium itself is

comparatively flat. The lumen of the vas deferens is filled with secretions of different electron-densities. Spermatozoa and droplets of high-dense

secretion (Sec3) can be found in the homogenous medium-dense secretion (Sec2). Scale bar 5 pm. 9. The epithelial cell is provided with an oval

nucleus with a prominent nucleolus. The basal lamina is layered. Note the hemidesmosomes. Scale bar 2 pm.

consist of several sperm cells surrounded by a secretion sheath

(Bertkau 1877). This type of transfer form occurs in

Galeodidae and certain members of the family Daesiidae,

the latter exhibiting the largest spermatozoal variability within

the Solifugae (Klann et al. 2009).

In spiders, coenospermia are considered to be ancestral, a

hypothesis deriving from the fact that this transfer form occurs

in primitive spider taxa, such as Mesothelae and Mygalomor-
phae (Alberti 1985, 1990; Michalik et al. 2003; Michalik et al.

2004b). Since only fine structural data on spermatozoa from

seven solifuge families (including now Hexisopodidae) are

known to date (Klann et al. 2009), the evolutionary pathways

of this trait in solifuges cannot yet be judged. Nonetheless, our

findings suggest that the sperm cells of the investigated

hexisopodid most closely resemble the fine structure of sperm
cells of the family Solpugidae. This resemblance is not only

found in the presence of finger-like membrane protuberances

and glycogen, but also in the organization and form of the

acrosomal complex. Both in Solpugidae and in the investigat-

ed hexisopodid, the acrosomal vacuole is conical in shape and
located within the chromatin body. Interestingly, whereas the

current classification places the Hexisopodidae as a separate

family within the order, Hewitt (1919) regarded the Hexiso-

podidae as being a potential subfamily of Solpugidae. It

remains to be seen whether the hypothesis of Hexisopodidae

as a subfamily of Solpugidae will persist in modern
phylogenetic analyses. However, Hewitt’s hypothesis, seen in

the light of similarities in the fine structure of Solpugidae and
Hexisopodidae spermatozoa, could indicate a closer relation-

ship between these two families than is currently recognized.

Although morphological similarities do not automatically

indicate a close relationship between taxa due to potential

convergences, reversals and parallelisms in morphological

characters, sperm morphology appear to be very constant, at

least within some families of the order Solifugae (Klann et al.

2009). Members of the family Galeodidae, for example, are

united by various morphological characters such as shape of

the flagellum, opisthosomal “Stigmenkamme” and setose

tarsal claws (Roewer 1934). This is also reflected in the

morphology of their sperm cells; the sperm cells of different

galeodid species are extremely similar and difficult to

differentiate from each other. Nonetheless, it is important to

note that sperm cells can undergo wide ranges of morpholog-

ical modifications (Pitnick et al. 2009), and similarities due to,

for example, convergences can therefore not be excluded.

In summary, although a set of unique external morpholog-

ical characters (e.g., fossorial legs) clearly separates the

Hexisopodidae from other solifuges, the only autapomorphy

found in their sperm morphology was the presence of

cleistospermia. Their spermatozoa thus do not reflect their

peculiar outer morphology, but rather indicate a closer

relationship with the family Solpugidae.

Similar challenges based on spermatozoan ultrastructure

have been made in higher level arachnid phylogeny studies.

Various authors (Alberti 1980c; Alberti & Peretti 2002; Klann

et al. 2005) questioned the commonly accepted clade

Haplocnemata (Solifugae + Pseudoscorpiones) based on the

coiled flagellate sperm cells of pseudoscorpions versus the

aflagellate sperm characteristic of solifuges. These findings

have been corroborated by recent molecular studies (Dabert et

al. 2010; Pepato et al. 2010) which, independently, recovered

the clade Actinotrichida (Acari)-i-Solifugae, thereby implicat-

ing the diphyly of the Acari (Anactinotrichida and Actino-

trichida as distinct groups, previously suggested by van der
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Figures 10-15.—Spermatozoa. 10. Spermatozoa are distributed individually in the lumen of the vas deferens. Droplets of electron-dense

secretions are also visible. Scale bar 5 |im. 1 1 . Sperm cells seldom cling together and form small groups. Scale bar 1 pm. 12. Each individual sperm

cell is surrounded by a secretion sheath. Finger-like protuberances apparently surround the entire cell. Multilamellar bodies occur inside the cells.

Areas containing glycogen are present within the chromatin body. Scale bar 1 pm. 13. The acrosomal complex is deeply embedded in the

chromatin body. The acrosomal vacuole is conical shaped. Scale bar 0.5 pm. 14. In this section the acrosomal filament penetrates the glycogen

aggregation. Scale bar 1 pm. 15. This section indicates that the acrosomal filament additionally coils several times around the glycogen

aggregation, but it does not coil around the entire chromatin body. Scale bar 1 pm.
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Hammen (1989) and Alberti (2005b)) and refuting the

Pseudoscorpiones-Solifugae sister group relationship.

It is clear that higher level Solifugae phylogenetic analyses

need to be based on quality and carefully considered

molecular, as well as a suit of both external and internal

morphological characters, if robust phylogenetic hypotheses

for this group are to be proposed.
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Darwin’s bark spider: giant prey in giant orb webs {Caerostris dairwini^ Araneae: Araneidae)?
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Abstract. Although the diversity of spider orb web architectures is impressive, few lineages have evolved orb webs larger

than Im in diameter. Until recently, such web gigantism was reported only in a few nephilids and araneids. However, new

studies on bark spiders {Caerostris) of Madagascar report a unique case of web gigantism: Darwin’s bark spider (C.

darwini) casts its webs over substantial water bodies, and these webs are made from silk whose toughness outperforms all

other known spider silks. Here we investigate C. darwini web architecture and provide data to begin to answer two

intriguing questions to explain these extraordinary web characteristics: 1) Are C. darwini webs specialized to subdue

unusually large, perhaps even vertebrate, prey? 2) Do these large, riverine webs allow the spiders to capitalize on catching

numerous small semi-aquatic insects? During fieldwork in Madagascar, we studied C. darwini web architecture and

ecology, as well as interactions with prey. We characterize C. darwini webs as having relatively simple capture areas with

very open sticky spirals and few radial lines. We also compare web features in several sympatric Caerostris species, among
which C. darwini represents the most extreme case of web gigantism, with the largest orbs up to 2.76 m" and longest bridge

lines reaching 25.5 m. While preliminary, current data suggest that C. darwini webs are effective snares for semi-aquatic

insects such as mayflies and dragonflies, while vertebrate prey were never observed. We suggest that mass emergence of

aquatic insects may function analogously to the capture of rare, large prey that recent studies suggest are critical for

reproduction in orb weaving spiders.

Keywords: Web gigantism, web architecture, web size, bridge line, kleptoparasite, silk, biomaterial, prey capture

Spider orb webs are highly efficient and specialized traps

that have diversified greatly through time (Eberhard 1982;

Coddington 1986a; Coddington & Levi 1991; Blackledge et al.

2009, 2011; Foelix 201 1; Herberstein & Tso 2011). In addition

to the classical “wagon-wheel” shaped orb itself, derived web
forms include linyphiid sheetwebs and theridiid cobwebs

(Griswold et al. 1998; Agnarsson 2004; Eberhard et al.

2008)

, uloborid and araneid sector webs (Wiehle 1927;

Gregoric et al. 2010), nephilid and araneid ladder webs

(Robinson & Robinson 1972; Eberhard 1975; Harmer &
Framenau 2008; Kuntner et al. 2008a, b, 2010b; Harmer

2009)

,
the deinopid casting web (Coddington 1986b) and

others. Even for “standard” orb webs, the details of

architecture and overall web size also vary substantially

among taxa and include several instances of “web gigantism”.

For example, webs within the family Nephilidae encompass

extremes ranging from small arboricolous ladders in Ctitaetra

Simon 1889 to the dramatically elongated ladder webs of

Herennia Thorell 1877 and Nephilengys Koch 1872, which

often exceed a meter in height (Kuntner 2007; Kuntner et al.

2008a, b, 2010; Kuntner & Agnarsson 2009), and the giant

aerial orbs of Nephila that reach 1.5 m diameter (Kuntner et

al. 2008a). The largest known orb webs are built by the

recently described Darwin’s bark spider Caerostris darwini

(Kuntner and Agnarsson 2010) from Madagascar. These

spiders produce webs close to 2 m in diameter that are

suspended upon the longest bridge lines ever recorded,

allowing the webs to span rivers and small lakes (Agnarsson

et al. 2010; Kuntner & Agnarsson 2010).

Bark spiders (genus Caerostris Thorell 1868) are a diverse

group, widespread in the old world tropics, that are poorly

studied taxonomically, ecologically and behaviorally (Kuntner

& Agnarsson 2010). Grasshoff (1984) revised this genus, but

its phylogenetic placement remains controversial (Scharff &
Coddington 1997; Kuntner et al. 2008a; Sensenig et al. 2010).

Only 12 Caerostris species are currently considered valid

(Platnick 2010; Kuntner & Agnarsson 2010).

The most recent studies on Caerostris of Madagascar hint at

further, as yet undescribed diversity (Kuntner & Agnarsson

2010). Up to seven sympatric species inhabit a single reserve, the

Andasibe-Mantadia National Park. Some of these species are

nocturnal and others diurnal, but almost all of them construct

sizeable webs at forest edges or clearings (Agnarsson et al. 2010;

Kuntner «fe Agnarsson 2010). However, one species, the recently

described Darwin’s bark spider, C. darwini (Fig. 1) exhibits

exceptional web biology and behavior in utilizing a unique

habitat by building webs above streams, rivers and lakes

(Fig. 2A-C; Kuntner & Agnarsson 2010). These webs can reach

extreme sizes - suspended between vegetation on the riverbanks

by bridge lines that often span more than 10 m, with the orbs

frequently exceeding 1 m in diameter (Kuntner & Agnarsson

2010). A second, apparently undescribed, Caerostris species in

Andasibe-Mantadia NP also builds its webs over water, but

only spanning relatively small streams inside closed canopy

forest. Although other spiders build webs on edges of water

bodies, or even attach webs to water (Eberhard 1 990), individual

spiders in no other species routinely utilize the air column above

large streams, rivers and lakes as a habitat (Kuntner &
Agnarsson 2010). How the spiders cross these large water

bodies is only now being researched (Gregoric et al. in prep.),

but C. darwini webs are constructed of silk that outperforms all

other spider silks in combining high strength and elasticity into

the toughest known biological material, outperforming even

most synthetic fibers (Agnarsson et al. 2010).

Thus, it is certainly desirable to expand our understanding

of Caerostris biology, in particular of key species such as
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Figure 1 .—Caerostris darwini in Andasibe-Mantadia NP: A. male with female in vegetation; B-D, females with typical color (C) and two less

common color forms (B, D).

C. darwini. In this paper, we broaden knowledge of C. darwini

natural history by characterizing their webs, including a

comparison with three congeners. We also begin to test

whether or not their giant riverine v/ebs are specialized for

capturing exceptional prey. The combination of web gigantism

and the high material toughness of C. darwini silk, as well as

the webs’ location across rivers that could act as flyways,

suggests that these webs could be specialized in part for

capture of small flying vertebrates - birds or bats (Agnarsson

et al. 2010; Kuntner & Agnarsson 2010). Both birds and bats

are occasionally captured in the webs of several species of orb

spiders (Levi 1970; Graham 1997; Peloso & de Sousa 2007;
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Figure 2 .—Caerostris darwini habitat and prey: webs suspended above water in Ranomafana NP (C) and Andasibe-Mantadia NP with whole

orbs (A) and only bridge threads (B) visible; C. darwini female with a robust (D) and a rudimentary (E) stabilimentum in web.

Sakai 2007; Timm & Losilla 2007). Sensenig et al. (2010) used

web architecture and silk biomechanics to estimate that C.

darwini webs could resist up to 62 p.J/cm“ of prey energy

without breaking during impact, which approaches the flight

energy of some birds and bats, the smallest of which are less

than 2 g body mass and fly at speeds less than 5 m/s.

Alternatively, or additionally, C. darwini webs could present

large surface areas for the simultaneous capture of numerous
aquatic insects, especially during mass emergences.

METHODS
Field site.—We studied C. darwini and three other syntopic

Caerostris species (labeled as “sp. 1”, “sp. 2” and “sp. 3”) in

Andasibe-Mantadia National Park (between 18.94760°S,

48.41972°E and 18.79841°S, 48.4263rE at ~ 960 m elev.),

Toamasina Province, eastern Madagascar, on 24 February

2010-4 April 2010. Voucher specimens are deposited in the

collections of the National Museum of Natural History,

Smithsonian Institution, Washington, DC.
Behavioral recording.—We video recorded and photo-

graphed prey capture behavior and web architecture using

camcorders (Sony DCR-SR87 HDD) and SLR cameras

(Canon EOS 5D Mark 11 and EOS 7D).

Web characteristics.—To measure how long C. darwini webs
persisted, we monitored 20 webs of mature females for three

days and documented web building time. We also quantified

web parameters for an additional 26 mature females’ webs

illustrated in Fig. 3a-c as well as length of bridge line (Fig. 2B,

C), number of radii, number of sticky spirals (SS) along the

vertical axis, number of kleptoparasitic spiders associated with

the web, stabilimentum (defined as absent (0), rudimentary ( 1

)

or robust (2) (Fig. 2D, E)), habitat (defined as above water (0)

or not above water ( 1 )), canopy (defined as open (0) or closed

(1) if estimated that more than 50% of the canopy was covered

by tree crowns). Most of the above parameters have been used

previously in the literature (e.g. Risch 1977; Opell 1999;

Herberstein & Tso 2000; Blackledge & Gillespie 2002; Kuntner

et al. 2010; Kuntner & Agnarsson 2009; Gregoric et al. 2010;

Nakata & Zschokke 2010).

To quantify web shapes, we then calculated indices

following Peters (1937), Blackledge & Gillespie (2002), and

Kuntner et al. (2008b): Web capture area (CA) was defined by

the formula:

CA = (a/2)*(b/2)*7i

where a and b were the horizontal and vertical diameters,

respectively, of the capture area. Mesh width was defined as

the number of rows of SS per centimeter of web height.

We calculated a ladder index (LI) or vertical eccentricity of

capture area as:
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Figure 3.—Web of femaie Caerostris darwini illustrating investi-

gated parameters: web width (a), web height (b) and top sticky spiral

to hub distance (c).

LI = b/a

¥/e also determined vertical web asymmetry through hub
displacement index (HD) as:

HD = (b-c)/b

where c was the distance from the center of the hub to the

bottom of the capture area.

For an additional comparison of web size, we measured web
width, height, top sticky spiral to hub distance, and bridge

length in Caerostris “sp. 1” (w = 16), “sp. 2” (« = 22) and “sp.

3” {n = 5). We then compared our data with published data

for web sizes of other orb weaving spiders, limiting ourselves

to webs of at least 0.1 (Table 1).

Prey capture,—To document prey capture, we recorded

every wrapped or fed upon prey item in C. darwini webs.

Additionally, we video recorded four spiders during the

daytime for four days each, for a total of 113 h. Because the

video resolution precluded exact determination of prey taxa,

we grouped prey items into three size categories: small

(< 1 cm), medium (1-2.5 cm) and large (> 3 cm).

Based upon an analysis of web architecture and silk

biomechanics, Sensenig et al. (2010) estimated that C. darwini

webs could stop higher energy flying prey than a phylogenet-

ically diverse sampling of 16 other genera of orb spiders,

including other large orb-weavers such as Nephila and
Argiope. However, their estimate is a theoretical measure of

maximum performance, which may not be attained by actual

webs, and they also did not measure how effectively the webs
could retain prey. To better determine the maximum prey size

that C. darwini webs can stop and retain, and to document the

spiders’ attack behavior, we introduced 34 medium and large

prey items, each into a different web. Prey included five

grasshoppers (2 cm), one large grasshopper (5 cm), one mantis

(10 cm), two small frogs (2 cm), two moths (10 cm), two
beetles (7 cm), 13 small dragonflies of different species (4-

7 cm), and eight large (10 cm) dragonflies of one species. Prey

were tossed into the capture areas of webs from a distance of
~ 0.5m, more or less with the same speed and more or less

perpendicular to the web plane. Although the initial impact of

prey with the web using this technique did not perfectly mimic
natural interceptions and we could not control for how many
threads each prey contacted, our method should still provide a

reasonable index of the ability of C. darwini webs to stop and
retain several different types of potential prey.

Statistical analysis.—We checked all data for normality

using Kolmogorov-Smirnov tests. Because the distribution of

data was not normal for bridge length and web area, we report

medians (^ 1 /2) ± interquartile ranges for these parameters,

while we report mean values (A) ± standard deviations for

other data. We tested interspecific differences in web measures

using the Kruskal-Wallis test and Mann-Whitney U-tests. We
set the significance level to 0.008 or lower (Bonferroni

correction). We performed all analyses in PASW 18 for

Windows (Field 2005).

RESULTS

Web characteristics.

—

Caerostris darwini orbs ranged in size

from 0.21 to 2.76 (pia = 0.61 ± 0.52 m^). Capture area

did not significantly differ from, those of Caerostris sp. 1 and

Caerostris sp. 2 (/11/2 = 0.48 ± 0.21 and pxi2 = 0.5 ±
0.39 m^, respectively), whereas Caerostris sp. 3 had a

significantly smaller capture area (/ii /2 = 0.16 ± 0.1 m^,

Fig. 4). Bridge lines of C. darwini orbs were 0.95-25.5 m (/ii /2

= 3.5 ± 2.6 m), significantly longer than those of other

Caerostris species (/ii /2 = 1.7 ± 1.1 m in sp. 1; 1.8 ± 1.2 m in

sp. 2 and 1.4 ± 0.67 m in sp. 3; Fig. 4). The webs of C. darwini

contained 15-30 radii (A = 23.5 ± 4), no split radii, 40-155

vertical SS (A = 97 ± 25) and mesh widths of 0.51-1.7 SS/cm

(A = 1.04 ± 0.33). All webs lacked secondary radii (Kunteer

et al. 2008a), and only two (8%) webs had stabilimenta (both

“rudimentary”). The webs were almost symmetric with the

ladder index of 0.78-1.49 (A = 1.19 ± 0.18) and hub

displacement of 0.47-0.69 (A = 0.59 ± 0.05). Most (63%)

webs did not contain kleptoparasitic spiders. Four (21%) webs

contained one or two kleptoparasites (all Argyrodinae),

whereas only three (16%) webs contained more.

All webs were suspended above or at the edges of water

bodies and always under open canopy (Fig. 2A-C). The webs

never had retreats, and the spiders sat at the hub during all

weather conditions (not removing SS during rain), day and

night. Our monitoring of 20 webs over 3 days revealed that the

webs were not long lasting. In two of these 20 webs, the host

spider was absent for the whole time, and two more spiders

disappeared during observation. The other 15 spiders renewed

their webs two to four times in 3 days. Web renewal usually

(74%) took place between 1600 and 1800 h. However,

throughout our fieldwork we observed numerous webs being

constructed at the same location, suspended on bridge lines

that were clearly retained for several days. We thus estimated

that bridge lines can be maintained for at least 5 wk. We never

observed web destruction by flying vertebrates or large insects,

but regularly observed dragonflies avoiding the webs and even

perching on bridge lines.
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Table 1.—Comparison of web size (if > 0.1 m“) among orb web spiders, measured for adult and penultimate female webs.

Species Web area (m") Max. web area (m") Author

Metellina merianae (Scopoli 1763) 0.28 Wiehle 1927

Argiope katherinci Levi 1983 (n = 24) 0.13 0.22 Rao pers. comm.
Heretmia etruscilla Kuntner 2005 (/? = 2) 0.13 0.14 Kuntner et al. 2010b

Talthybia depressa Thorell 1898 (n = 1) 0.21 0.21 own data

Eriovixia laglaizei (Simon 1877) (« = 1) 0.32 0.32 own data

Nephilengys dodo Kuntner & Agnarsson 20 1 1 (n = 2) 0.44 0.56 own data

Caerostris sumatrana Strand 1915 (n = 1) 0.62 0.62 own data

Herennia multipuncta (Doleschall 1859) (n = 6) 0.11 ± 0.2 0.29 Kuntner et al. 2010b

Nephila inaiirata (Walckenaer 1841) (n = 23) 0.12 ± 0.28 1.15 own data

Argiope radon Levi 1983 (n = 103) 0.122 ± 0.055 0.49 Rao et al. 2009, pers. comm.
Argiope argentata (Fabricius 1775) (n = 762) 0.13 ± 0.045 Nentwig 1985

Araneiis angulatus Clerck 1757 0.13-0.31 0.31 Wiehle 1929

Araneus circe (Audouin 1826) 0.13-0.28 0.28 Wiehle 1928, 1931

Nephila clavipes (Linnaeus 1767) (n = 32) 0.15 ± 0.07 0.35 own data

Caerostris sp. 3 (n = 5) 0.16 ± 0.1 0.35 this study

Nephilengys borbonica (Vinson 1863) (n = 4) 0.19 ± 0.09 0.23 own data

Nephila ardentipes Butler 1876 (n = 24) 0.19 ± 0.18 0.65 own data

Nephilengys malabarensis (Walckenaer 1841) (n = 7) 0.23 ±0.16 0.41 Kuntner et al. 2010b

Eriophora sp. (« = 20) 0.24 ±0.18 0.69 own data

Nephila pilipes (Fabricius 1793) (n = 30) 0.28 ± 0.15 0.63 Kuntner et al. 2010a, own data

Caerostris darwini Kuntner & Agnarsson 2010 {n = 16) 0.28 ± 0.47 1.07 Kuntner & Agnarsson 2010

Argiope keyserlingi Karsch 1878 (n = 273) 0.3 ± 0.14 Blamires et al. 2007

Nephilengys livida (Vinson 1863) (n = 29) 0.33 ± 0.23 0.77 own data

Eriophora fuliginea (C.L. Koch 1838) (n = 349) 0.36 ±0.11 Nentwig 1985

Nephila clavipes (Linnaeus 1767) (n = 1072) 0.36 ± 0.11 Nentwig 1985

Caerostris sp. 1 (n = 16) 0.48 ± 0.21 0.86 this study

Caerostris sp. 2 (n = 22) 0.5 ± 0.39 1.1 this study

Caerostris darwini Kuntner & Agnarsson 2010 (n = 26) 0.61 ± 0.52 2.76 this study

Prey capture.—We haphazardly encountered 25 prey items

during web surveys: two (8%) honey bees, three small beetles

(12%), one wasp (4%), one grasshopper (4%), two damselflies

(8%), one fly (4%), one (4%) queen ant, one (4%) butterfly,

one (4%) large unidentified prey item, and four (16%)
dragonflies. The 113 hours of video material revealed the

capture of 50 (79.4%) small, 12 (19%) medium, and one (1.6%)

large prey item (a papilionid butterfly). Altogether, large prey

items constituted 6.8% of all caught prey: 20% in haphazardly

encountered prey and 1.6% in video material, but this

disparity is expected because active feeding on small, quickly

consumed insects is less likely to being haphazardly observed.

Video material also revealed one case of kleptoparasitic flies in

C. darwini {Caerostris supplementary video 3 (http://www.

nephiIidae.com/videos/videos.htm)).

During our prey presentations (Caerostris supplementary

video 1, 2 (http://www.nephilidae.com/videos/videos.htm)),

frogs and large insects (i.e., large beetles and moths) were

not retained in webs. The webs retained all five 2-cm, but not

the 5 cm grasshopper. Out of the 21 dragonflies introduced,

the webs retained all 13 “regular sized” specimens, but only

four of the eight “large” ones.

All spiders performed bite-wrap attack behavior (Caerostris

supplementary video 1 (http://www.nephilidae.com/videos/

videos.htm); Eberhard 1982). The spiders carried all prey,

except the largest dragonflies, back to the hub in their

chelicerae (Caerostris supplementary video 1 (http://www.

nephilidae.com/videos/videos.htm)), while the large dragon-

flies were lifted to the hub on a silk thread while still attached

to other parts of web (Caerostris supplementary video 2

(http://www.nephilidae.com/videos/videos.htm)).

DISCUSSION

The present study shows that Caerostris darwini build the

longest bridge lines and largest orb webs known, with

exceptional webs bridging water bodies more than 25 m across

and capture areas reaching 2.76 m^ (Tables 1, 2; Fig. 4). C.

darwini webs contain relatively sparsely spaced capture spirals

and are almost symmetrical (Sensenig et al. 2010). Webs are

always suspended above or next to water and their capture

areas are renewed daily. In contrast, bridge lines are

maintained and reinforced regularly, for up to five weeks.

We found no evidence that these giant webs are an adaptation

for capturing flying vertebrates, such as birds or bats. First, no

such large prey items were caught in the web, although the

sample size in this study is small enough that such rare events

could have been missed (Blackledge 2011). Second, numerous

visually acute flying insects, such as dragonflies, were seen

avoiding the webs throughout the field study. While dragon-

flies are exceptionally maneuverable fliers (Alexander 1984,

1986; Azuma et al. 1988; Thomas et al. 2004), this observation

suggests that flying vertebrates might also perceive and avoid

the webs. On the other hand, orb spiders can still capture

substantial numbers of insects in taxa that see and avoid

spider webs (Craig 1994; Rao et al. 2008). Third, the relatively

sparse packing of silk in the webs, which have significantly

larger mesh widths than similarly sized orb weavers (Sensenig

et al. 2010), necessarily limit their stopping and retention
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Figure 4.—Web size in Caeroslris darwini and three congeneric

species. A. Web capture area (m"). B. Bridge thread length (m).

Asterisk marks the species that significantly differ from the others.

power. Instead, along with our previous study, we found that

these webs subdue small to large flying insects, such as

mayflies (Kuntner & Agnarsson 2010) and dragonflies (this

study).

Web characteristics.—Although the maximal values of web
size are statistical outliers (Fig. 4) in our study, we believe it

likely that webs are often even larger in nature. Many C.

darwini webs are suspended far from the shores of rivers and
lakes or high in the air column such that we simply could not

measure them. These open, aerial microhabitats are less

spatially limited, compared to the more easily accessible space

directly above the water surface that we studied. Thus, C.

darwini may be capable of building larger webs than we
measured.

With the exception of their extreme size and unusual

microhabitat, C. darwini webs resemble typical araneid orbs in

many respects (Zschokke 2002; Kuntner et al. 2008a; Kuntner
& Agnarsson 2010). They are more or less vertical, almost

symmetric, have closed hubs, non-sticky spirals are removed
from finished webs, have gradual hub-loop to sticky spiral

transitions, have few radii and SS compared to other orb

weavers (Sensenig et al. 2010), have no split radii, lack retreats,

and rarely contain stabilimenta (Eberhard 1982). Kuntner &
Agnarsson (2010) reported the hub as open or closed;

however, this is incorrect. We only observed the typically

araneid closed hub and the complete lack of the hub bite-out

behavior (Gregoric et al. in prep.). Kuntner & Agnarsson

( 2010 ) speculated that the webs last longer than typical

araneid orbs, but did not have long-term observations of

individual webs over several days. In fact, only the bridge lines

are long lasting, while the capture areas are renewed daily as in

most other orb weavers (Foelix 1996; Carico 1986). The web
building behaviors of C. darwini depart from typical araneids

(Eberhard 1982; Kuntner 2008a). C. darwini exhibit minimal
web site exploration and build webs that lack secondary frame

threads. The relatively simple capture areas contain very open
sticky spirals, supported by few radii that are both single and
doubled in the same web. Detailed comparison of web
spinning behaviors will be fully summarized elsewhere

(Gregoric et al. in prep.).

Attack behavior.

—

Caerostris darwini attacks all prey by first

biting and then wrapping them. Typical araneid, tetragnathid

and uloborid attack behavior is wrap-biting (Eberhard 1982),

which probably evolved six to seven times within orbicularian

spiders (Kuntner et al. 2008a). In contrast, bite-wrapping is

probably plesiomorphic for a larger clade of orb spiders

(Kuntner et al. 2008a), and is utilized by nephilids, some
araneids such as Deliochus, Phonognatha, Caerostris (Kuntner

et al. 2008a) and Zygiella s.l. (Gregoric et al. 2010). Caerostris

darwini uses bite-wrapping regardless of prey size, whereas

many wrap-biting spiders occasionally bite-wrap in response

to different taxa of prey (Robinson & Robinson 1974; Foelix

1996). Caerostris darwini also uses a relatively unusual

behavior for transporting subdued prey back to the hub.

Instead of freeing large prey from the web and hanging them

on a short thread (Foelix 1996), C. darwini carries even large

prey back to hub in their chelicerae (Caerostris supplementary

video 1 (http://www.nephilidae.coni/videos/videos.htm)). Only

the largest dragonflies were not carried using this behavior,

but instead were lifted toward the hub using a longer silk

thread, while the prey was still attached to other parts of web.

On the other hand, this observation and the fact that many
orb spider species directly carry small prey, suggest that it is

the large prey size threshold at which C darwini switches from

the carrying behavior that is unusual, rather than the behavior

itself.

Prey capture.—Our prey tossing experiments found that

dragonflies were the largest prey retained by C darwini webs,

with larger insects and frogs always breaking through the

webs. By far the most commonly observed prey entangled in

webs were small insects, with larger (> 3 cm) prey found only

at relatively low frequencies (~ 7%). However, the disparity

between large prey encountered haphazardly (20%) and by

video material (1.6%) is expected because active feeding on

small, quickly consumed insects is less likely to be haphazardly

observed. Although we never observed exceptionally large

prey in C. darwini webs, such rare large prey may be

fundamentally important for female fecundity in most orb

spiders, even though the rarity of their capture makes them

difficult to observe in field studies (Venner & Casas 2005; see

Blackledge 2011, this volume for review). Therefore, more

sampling effort is clearly needed to thoroughly exclude the

hypothesis that the unusual size and placement of C. darwini

webs facilitate the capture of exceptionally large prey.

The rare, large prey hypothesis is particularly tempting,

given the exceptional toughness of the silk in C. darwini webs

(Agnarsson et al. 2010). However, orb spiders face functional

tradeoffs between making relatively sparse webs with large

capture areas to maximize interception of prey, versus building



GREGORIC ET AL.—CAEROSTRIS DARWINI WEBS AND PREY 293

Table 2.—Web data for Caerostris darwini females in Madagascar. SS = sticky spirals.

Web area

(m-)

Bridge length

(cm) Radii no. SS no.

Kleptoparasite

no.

Mesh width

(SS/cm)

Ladder

index

Hub
displacement

0.21 130 18 40 0 0.70 1.21 0.65

0.23 265 21 77 0 1.24 1.32 0.55

0.25 275 20 88 0 1.47 1.15 0.63

0.26 210 24 104 0 1.70 1.11 0.57

0.28 330 29 89 0 1.35 1.22 0.53

0.31 95 0 1.19 0.68

0.41 320 23 121 0 1.57 1.13 0.60

0.41 180 53 4 0.71 1.07 0.69

0.41 400 0 1.07 0.57

0.46 380 28 110 0 1.33 1.17 0.58

0.49 164 30 82 7 1.17 0.78 0.64

0.53 215 0 1.13 0.57

0.61 350 83 0 0.91 1.06 0.47

0.62 275 20 110 0 1.12 1.21 0.59

0.64 300 29 126 6 1.22 1.30 0.58

0.70 500 25 112 1 1.15 1.05 0.61

0.76 450 24 103 2 1.03 1.03 0.59

0.82 670 108 0 0.90 1.38 0.50

0.86 350 27 91 0 0.73 1.41 0.60

0.90 430 25 94 0 0.76 1.35 0.60

1.15 540 23 92 1 0.70 1.19 0.66

1.19 750 117 1 0.78 1.49 0.60

1.21 640 83 0.51 1.71 0.58

1.36 400 0 1.02 0.50

2.76 550 25 155 0.79 1.08 0.58

2550

0.61 ± 0.52 350 ± 260 23.5 ± 4 97 ± 25 1.04 ± 0.33 1.19 ± 0.18 0.59 ± 0.05

Sp.l mean 0.48 ± 0.21 170 ± 109

Sp.2 mean 0.5 ± 0.39 177 ± 122

Sp.3 mean 0.16 ± 0.1 142 ± 66.5

smaller and denser webs capable of stopping and retaining

bigger prey (Chacon & Eberhard 1980; Eberhard 1986;

Blackledge & Zevenbergen 2006; Blackledge & Eliason 2007;

Sensenig et al. 2010). Caerostris darwini web architecture is

unusually open, with fewer radii and larger mesh width than

other large orb webs (Sensenig et al. 2010). Thus, the webs
may instead function to maximize capture surface for large

numbers of small aquatic insects, such as the mass capture of

mayflies observed in C. darwini webs by Kuntner & Agnarsson

(2010). Such mass captures could even function analogously to

rare, large prey in the rarity of their occurrence and their

importance for foraging success. However, no mass capture of

insects was observed in this study and might be as difficult to

observe during field studies as the capture of individual large

prey (Blackledge 2011). Alternatively, the large, sparse capture

areas of C. darwini webs, combined with their unusually tough

silk, may represent a compromise toward subduing large

numbers of small aquatic insects while still maintaining the

ability to capture rare larger prey. Such a “multifunctional”

web would contrast with the behavior of at least one other orb

weaver, Parawixia, that instead dramatically enlarges capture

areas of webs only during mass emergences of large, easily

captured reproductive termite prey (Sandoval 1994). The
evolution of the extreme silk toughness in C. darwini may
facilitate this potentially dual function of the large sparse web,

making it critical to better determine patterns of evolution for

both silk properties and web architecture within the genus

Caerostris.

Conclusions.— Caerostris darwini exhibits several aspects of

unusual web biology that allow the spiders to spin giant orbs

suspended in the air column above bodies of water, thereby

exploiting a unique ecological niche. Prey capture data suggest

that C. darwini does not prey on flying vertebrates, but instead

mostly consumes medium to large flying insects. We speculate

that the mass emergence of aquatic insects may function

analogously for spider fitness to the capture of single rare,

large prey in other orb spiders. However, with the currently

available data we cannot rule out alternative hypotheses for

the origin of the exceptional properties of C. darwini silk, such

as adaptation to carry the spiders’ weight on long, sagging

bridge lines (Rodriguez-Girones et al. 2010) or resisting abiotic

factors such as wind and rain (Eberhard 1990).
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ELECTRONIC SUPPLEMENTARY MATERIAL

Caerostris supplementary video 1 (http://www.nephilidae.com/

videos/videos.htm): Dragonfly introduced into subadult female C.

darwini web. Note bite-wrap attack behavior and spider carrying the

prey to hub in its chelicerae.

Caerostris supplementary video 2 (http://www.nephilidae.com/

videos/videos.htm): Dragonfly introduced into female C. darwini

web. Note spider lifting the prey towards hub while the prey is still

attached to other web parts.

Caerostris supplementary video 3 (http://www.nephilidae.com/

videos/videos.htm): Kleptoparasitic flies approaching female C.

darwini and her prey.
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Abstract. The global demand for different land-use practice commodities in the Amazonia is growing, and this region is

increasingly affected by the impacts of land management. The aim of this study was to evaluate the influence of land-use

intensification on soil spider assemblages from six different land-use systems in Colombia and Brazil. The systems were

fallows after crops and pastures, forest, crops, pastures and plantations. Spider species richness and density decreased with

increasing farming management intensity. A principal component analysis (PCA) showed forests and fallows were

separated from systems with stronger anthropogenic soil disturbance. The relationships of ten spider guilds differed

significantly between land-uses, suggesting that they can be a reliable parameter for studies of ecological indicators.

Keywords: Macroecology, agroecosystems, land-use, guilds, ecological indicators

Soil is one of the most diverse habitats on earth (Giller et al.

1997; Wolters 2001; Decaens et al. 2006). Unfortunately, the

soil diversity in Amazonia is threatened by the growing global

demand for agricultural commodities produced in this region

and also by increasing deforestation (Laurance et al. 2002).

Additionally, climate change can result in drought and forest

fires (Laurance et al. 2002). Change in soil use in Amazonia is

currently intense, and the conversion of native forest to

agricultural practices or pasture is the main disturbance effect

impacting the remaining native forests (Fearnside 2005, 2006).

The social and economic importance of this kind of agriculture

is well recognized (Alexandratos 1995), but its environmental

impact is not satisfactorily known. Usually there is a consensus

among researchers as to the negative effects of habitat

modification (e.g., deforestation by ranchers and farmers) on

diversity of native plant and animal species in Amazonia (e.g.,

Laurance et al. 2000; Perner & Malt 2003; Soares-Filho et al.

2006). Understanding changes that directly influence these

processes is important for local people, whose livelihoods

depend on agriculture practices or pasture areas. In fact,

determining the composition of soil macrofauna is crucial to

understanding the ecological complexity of these assemblages

(Franklin et al. 2005; Decaens et al. 2006; Lavelle et al. 2006;

Decaens 2010). Several organisms of the soil fauna (e.g.,

arthropods) have been proposed as bioindicators of soil quality

and sustainability (Marc et al. 1999; Willet 2001; Lawes et al.

2005).

Arthropods are the most diverse group of animals,

inhabiting most habitats on Earth (Hawksworth & Bull

"’Current address: Pontificia Universidade Catolica do Rio Grande

do Sul, Museu de Ciencias e Tecnologia, Laboratorio de Aracnologia,

Porto Alegre, Rio Grande do Sul, Brazil.

2006). Furthermore, arthropod diversity may be higher in

cultivated areas than in non-cultivated areas (e.g., secondary

forest), suggesting that arthropods are good candidates for

biodiversity correlates (see Duelli & Obrist 1998). Arachnids

represent approximately 2% of the described species world-

wide (Adis 2002) and are conspicuous components of

agricultural landscapes (Samu et al. 1999). Given their

prominence, several authors have studied the effect and

relative importance of local environmental factors on

arachnids (mostly spiders) in agroecosystems. Studies of

spiders deal with the potential use of these animals for

limiting arthropod pests through predation (Greenstone &
Sunderland 1999; Hodge 1999; Marc et al. 1999; Riechert

1999; Sunderland 1999; Maloney et al. 2003; Nyffeler &
Sunderland 2003; Harwood et al. 2004), competition and

interactions (Marshall & Rypstra 1999; Wise et al. 1999),

guild structure (Gibson et al. 1992; Uetz et al. 1999),

agrobiont species (Samu & Szinetar 2002; Pekar & Haddad

2005; Thorbek & Topping 2005; De Meester & Bonte 2010),

and diversity and distribution (Duelli & Obrist 1998; Samu et

al. 1999; Seyfulina 2010). All these studies showed that

spiders are useful as potential ecological indicators and

natural enemies of pests, since the composition and species

richness in different land management areas depend on

disturbance levels, regional populations of spider species

composition and the spatial and temporal scales of a given

study. However, little information is available on the effects

of different forest management regimes on the composition

of arachnid assemblages (e.g., Downie et al. 1999; Rypstra et

al. 1999; Jeanneret et al. 2003). In addition, in Amazonia the

consequences of different land management techniques on

this group are rarely studied.
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Figure 1.—Site selection, showing sampling design for each study area (modified from Lavelle et al. 2010). Area names match those identified

in the text (study area and site selection).

The purpose of this study was to assess the impacts of

I landscape management on spider distribution patterns by
i sampling two contrasting regions in a large-scale soil

ecosystem project. It was also to evaluate the relationships

I

between spider biodiversity parameters in primary forests and

in a wide range of derived systems of land management. We
tested the hypotheses that spider species richness increases

with decreasing management impact, and that overall spider

: assemblages are suitable as reliable ecological indicators of

restoration effects in disturbed landscapes (Perner & Malt

2003).

METHODS
Study area and site selection.—The experiment was estab-

lished in two Amazonian areas with different plant coverage,

one relatively recently colonized (10-15 yr ago) in the state of

Para, northeastern Brazil and another colonized 60 yr ago in

I

the Department of Caqueta, southwestern Colombia. Both

study areas were separated into three landscapes (windows)

,
with different deforestation ages and/or different land

I management structure.

Each window was formed by three replicate groups (sub-

windows) containing 17 farms. Three farms were selected in

each sub-window, and each selected farm was divided in five

sampling points (sites) located 200 m apart along a diagonal

transect (Fig. I). We sampled 54 farms and 270 sites (135 sites

in each country).

The landscape mosaic for all areas was analyzed using

satellite images - coordinates of the windows in UTM
i projection, zone 22S, WGS84 for Macaranduba: 682382.74 /

9469861.49; Pacaja; 494874.75 / 9586676.06; Palmares:

I

627813.87 / 9351874.23, in UTM projection, zone 18N,

WGS84 for Traditional: -2316945.11 / 10179721.63; Agro-

sylvopastoral: -2335962.87 / 10176406.04; Agroforestry:

—2351790.15 / 10163206.21. Six land-use systems were iden-

tified after field confirmation: forest (F; preserved or ratio-

nally exploited forests); fallows after crop (FAC; secondary

forest developed in abandoned crops dominated by native

grasses, vegetables and weeds); fallows after pasture (FAP;

secondary forests developed in abandoned pastures dominated

by herbs and shrubs); pastures (Past; areas dominated by

Brachiaria ssp., invaded by “babatju”, an Amazonian palm

tree; Arecaceae: Orbygnia sp. or other trees); crops (Cr;

shifting cultivation of cassava (manioc), rice or maize crops)

and plantations (PI; cocoa, rubber tree, agroforestry systems)

(see Marichal et al. 2010, Table 1). Average annual rainfall in

the Brazilian sites is 1775.5 mm per annum (p.a.) in Pacaja,

1881.4 mm/p. a. in Macaranduba, and 2452.6 mm/p. a. in

Palmares, with a mean annual temperature of 28.3° C. In the

Colombian sites the average annual rainfall is 4676.0 mm/p. a.,

with a mean annual temperature of 27.8° C.

Spider sampling.—Spiders were sampled between April and

June 2008, during the dry season. The sampling methodology

used to collect soil and litter spiders was based on the Tropical

Soil Biology and Fertility Program (TSBF) method (Anderson

and Ingram 1993), which consists of digging one central soil

monolith (25 cm long, 25 cm wide and 20 cm deep) and two

additional monoliths with 25 X 25 X 30 cm dug 5m east and

west, respectively, from the central monolith on each of the

270 sites. A total of 810 monoliths was taken and hand sorted.

Thus, one sampled unit was composed of three monoliths. The

macrofauna was hand-sorted in the field, and the spiders were

stored in 80% alcohol. In the laboratory, the spiders were

counted, and the adults were sorted to morphospecies and
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identified. The spiders were classified by assemblage guilds

and to provide trustworthy for the results, all the analyses

were based only on adults (i.e., individuals susceptible to

correct identification). The voucher specimens are deposited in

the collection of Museu Paraense Emilio Goeldi in Belem,

Para, Brazil (A.B. Bonaldo, curator).

Spider guild establishment.—We followed the classic defini-

tion of guilds by Root (1967). Our designation of spider guilds

was based on ecological characteristics obtained during

fieldwork, observation, biology, taxonomy and additional

literature reviewed (i.e., Coddington et al. 1996; Uetz et al.

1999; Hofer & Brescovit 2001; Dias et al. 2010).

Data analysis.—Monte-Carlo test simulations were calcu-

lated to assess the significant differences of spider interactions

with land use. A Principal Component Analysis (PCA) was

performed to verify differences in the composition of spider

guilds among land-use systems. The PCA was carried out on a

matrix composed of 270 sites and 10 spider guilds. We
assigned spiders to ecological categories rather than species,

because most species were rare and a great number of zero

values in the tables would invalidate the PCA analysis. The
data were subjected to natural logarithmic transformation In

(x + 1) to reduce the influence of common species and

differences in total site abundance in determining community
patterns (see Keene 1995). Statistical analyses were conducted

using R version 2.12 (R Development Core Team 2009),

package ade4 (Chessel et al. 2004; Dray & Dufour 2007; Dray

et al. 2007).

RESULTS

A total of 1906 individuals, including 178 individuals in

Palmares, 344 in Magaranduba, 143 in Pacaja, 459 in

Traditional, 340 in Agrosylvopastoral, and 442 in Agrofor-

estry was collected. The adults corresponded to 206 individ-

uals and 101 morphospecies belonging to 25 families. Median

species richness was 1.5 species in fallows and forests, with

lower values observed in crops, pastures and plantations (0.4,

0.2, and 0.1, respectively: Fig. 2a); average densities of spiders

varied from 1 . 1 iedividuals/m" in plantations to 7 individuals/

in forest, with intermediate values in crops and fallows

(Fig. 2b). The results of the analysis of the ten spider guilds

(Table 2) collected on each land-use system were subjected to

PCA. The correlation circle built with the first two factors

represented 28.2% of the total variance (FI with 15.9% and F2

with 12.4%: see Fig. 2). Factor 1 separated the land-use

systems fallow after crops (FAC), fallow after pasture (FAP)

and forest (F) from crops (Cr), pasture (Past) and plantation

(PI). Monte-Carlo test (P < 0.01) simulations exhibited

significant differences in the spider assemblage relationships

with the land-use systems. The simultaneous comparison of

the correlation circle and factorial map arising from the PCA
(Fig. 3) showed that the points located for the land uses FAC,
FAP and F have strong relationships with three guilds:

nocturnal ground hunters (NGH), ground weavers (GW) and

ground runners (GR).

DISCUSSION

The results suggest that spider species richness and density

decreased with regular disturbance and/or high levels of

grazing (Fig. 2). This pattern can be partly explained by
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Crops Fallow after crops Fallow after pastures Forests

(a) Land use

Pastures Plantations

(b) Land use

Figure 2.—Total spiders richness (a) and density (b) under different types of land use. The boxplots show the lower quartile, the median and

the upper quartile, with whiskers extending to the most extreme data point unless outliers (more than 1.5 times the interquartile range)

are present.

Table 2.—Guild classification defined of the spiders sampled by Tropical Soil Biology and Fertility Program method (see Dias et al. 2010).

Total number of morphospecies for family/genera on each guild (n = 10) is in brackets.

Guild Included Taxa

Aerial hunters (AH)
Diurnal aerial ambushers (DAA)
Diurnal space web weavers (DSWW)

Ground runners (GR)

Ground weavers (GW)
Nocturnal aerial ambushers (NAA)
Nocturnal ground ambushers (NGA)
Nocturnal ground hunters (NGH)

Nocturnal space web-weavers (NSW)
Orb weavers (OW)

Anyphaenidae (1) - Corinnidae (1): (1) Trachelas - Oxyopidae (1); (1) O.xyopes

Thomisidae (3): (1) Bucranium, (I) Misiimenops

Linyphiidae (8): (1) Meioneta - Pholcidae (2): (1) Mesabolivar, (1) Melagonia - Theridiidae (10): (1)

Chrysso, (2) Dipoena, (2) Theridion, (1) Thwaitesia

Corinnidae (7): (1) Castianeira, (1) Corinna, (2) Creugas, (1) Mazax, (1) Mynnecotypiis, (1) Orthohida
- Gnaphosidae (3); ( 1 ) Apopyllus, (2) Zimiromus - Lycosidae (1 )

- Prodidomidae ( 1 ): ( 1 ) Lygromma
Dipluridae (1): (1) Diplura - Hahniidae (2): (2) Neohahnia

Ctenidae (1): (1) Acanthocienus - Sparassidae (1): (1) Olios

Idiopidae (2): (1) Neocleniza - Theraphosidae (1)

Cyrtaucheniidae (2) - Oonopidae (18): (1) Brignolia, (1) Coxapopha, (3) Neoxyphiniis, (1) Xyccarph -

Palpimanidae (4): (1) Fernandezma, (3) Otiothops - Salticidae (12) - Tetrablemmidae (1): (1)

Tetrablemma

Ochyroceratidae (1)

Araneidae (13): (3) Alpaida, (3) Mangora, (2) Micrathena, (1) Spilasma, (1) Wagnerkma -

Symphytognathidae (1): (1) Symphytognatha - Theridiosomatidae (3)
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Figure 3.—Principal component analysis (PCA) performed on

spider guilds (AH: aerial hunters, DAA: diurnal aerial ambushers,

DSWW: diurnal space web weavers, GR: ground weavers, GW:
nocturnal ambushers, NAA: nocturnal aerial ambushers, NGA:
nocturnal ground ambushers, NGH: nocturnal space web-weavers,

NSW: nocturnal space web-weavers, OW: orb weavers) for land use

(F: forests, FAC: fallows after crops, FAP: fallows after pastures, PI:

plantations. Past: pastures, Cr: crops), (a) Correlation circle of spider

guild density for soil land-use systems, (b) Factorial maps and effect

ecological effects at the vegetation level that are strongly

dependent on both the intensity of former arable management
and the initial conditions of grassland succession (Van der

Putten et al. 2000). Several studies predicted that spider

density and diversity would be disproportionally impacted by

reduction in plant species richness and habitat complexity

(Gibson et al. 1992; Rypstra et al. 1999; Jeanneret et al. 2003;

Perner & Malt 2003; Haddad et al. 2009). However, Jeanneret

et al. (2003) suggested that the most important local habitat

factors are those directly influenced by management practices.

It is well known that spiders can exhibit short reaction times to

changes in land use (Jeanneret et al. 2003; Perner & Malt 2003)

and subsequently to changes in microclimate (Nyffeler &
Sunderland 2003; Perner & Malt 2003), soil-moisture (Perner

& Malt 2003), litter cover, litter depth and twig cover

(Oxbrough et al. 2005). Since the establishment of crops,

pastures and plantations makes a significant impact on soil

properties, we expected that the soil spiders would be more
significantly affected than what was observed. In fact, most

similar studies showed that spider species richness decreased

due to soil management intensity (Downie et al. 1999; Perner

& Malt 2003). Furthermore, the increase in spider diversity on

disturbed areas is often constrained, even when natural abiotic

conditions seem to be restored (e.g., on secondary forest see

Lo-Man-Hung et al. 2008).

Our PCA results separated the land-use systems of forest

and fallows (F, FAC, FAP) from those with high anthropo-

genic soil disturbance (Fig. 3). The PCA also showed that the

identification of ecological categories was sufficient to

separate the six systems studied, and to indicate which spider

guilds were most associated with forest systems. Spider guilds

are widely used in environmental management and impact

assessment (e.g., Perner & Malt 2003) because of the

assumption that the factor affecting a resource in the

environment will also impact the whole spider guild (Sever-

inghaus 1981; Simberloff & Dayan 1991). In our study the

three guilds (GR, GW, NGH) associated with forest and

fallows (F, FAC, FAP) are characterized by spiders that

search actively for prey (i.e., Corinnidae, Cyrtaucheniidae,

Gnaphosidae, Lycosidae, Oonopidae, Palpimanidae, Prodido-

midae, Salticidae and Tetrablemmidae) or are sedentary web-

weavers (Dipluridae, Hahniidae) (Hofer & Brescovit 2001;

Dias et al. 2010; also see Table 2). Potentially, these three

guilds (GR, GW, NGH) favor cryptic and complex habitats;

in this study they were significantly represented in the forest

and fallows. Also, these guilds seem to be negatively

influenced by human impacts on land management, although

the lycosids are usually observed in grassland habitats (Jocque

& Alderweireldt 2005). These results suggest that spider guilds

can be considered a useful tool for ecological studies, as

predicted by other authors (e.g., Gibson et al. 1992; Uetz et al.

1999; Jeanneret et al. 2003). Such information can help to

identify their value in land-use areas and evaluate their role in

pest management (e.g., Maloney et al. 2003; Nyffeler &

of soil land-use systems. The dots represent the sites and the color

degraded indicates land-use systems as darker to lighter as follows: jet

black, black, dark gray, gray, light gray, very light gray for Past, F,

FAC, Cr, FAP, PI, respectively.
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Sunderland 2003). Our study suggests that spider guilds can

strongly and quickly respond to changes in environmental

conditions (as exemplified for wandering spiders by Rego et al.

2005, 2007 and Jocque et al. 2005). It also highlights the need

to prevent anthropogenic changes in ecosystem functioning

and ecosystem services, as this is the main factor currently

affecting and threatening biodiversity (Chapin et al. 2000).
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A new anophthalmous species of Paranemastoma from Bulgaria (Opiliones: Nemastomatidae)

Plamen Genkov Mitov: Department of Zoology and Anthropology, Faculty of Biology, University of Sofia,

8 Dragan Zankov Boulevard, 1164 Sofia, Bulgaria. E-mail: pl_mitov@yahoo.com

Abstract. A new, eyeless species of harvestman, Paranemastoma heroni, collected from the Stoykova Dupka 1 Cave in the

Slavyanka Mountains (south-western Bulgaria) is described and illustrated. A character combination of the form of the

penis, the form of the pedipalps and absence of scutum armament, distinguish the new species from all other

Paranemastoma species. The closest morphological relative, and the only other eyeless example, is the troglobiont P.

bureschi (Roewer 1926), which is allopatric (north-western Bulgaria) and clearly differs in the presence of scutum armament

and lack of cheliceral apophysis and opening of the cheliceral gland. Characterization and comparison of sculpture in non-

troglobiont and troglobiont Paranemastoma species and SEM illustrations are included. A case of cuticular neoteny in

troglobionts is also reported.

Keywords: Taxonomy, troglobite species, Paranemastoma beroni sp. nov., microsculpture, cuticular neoteny, caves,

Balkan

The nemastomatid fauna of Bulgaria currently comprises 1

1

species, distributed among five genera: Nemastoma C.L. Koch
1836 (two species), Pyza Stargga 1976 (one species), Para-

nemastoma Redikorzev 1936 (three species with three subspe-

cies), Mitostoma Roewer 1951 (two species), Carinostoma

Kratochvil 1958 (two species), and Mediostoma Kratochvil

1958 (one species) (c.f. Stargga 1976; Mitov 2002). Only one of

them, P. bureschi (Roewer 1926), belongs to the Bulgarian

speleofauna. This troglobite is common in caves of the

Western Stara Planina Mountains (Balkan Range), and is

known from 33 Bulgarian caves (Beron & Mitov 1996) and

some East Serbian caves (Jezava and Samar cave systems;

Mountain Kalafat and Odorovacko polje near Dimitrovgrad,

see Karaman 1995b; Nesic et al. 2006).

During biospeleological investigations in the Slavyanka

(= Ali Botush) Mountains in south-western Bulgaria between

2004 and 2009, the zoologists Petar Beron and Boyan Petrov

collected about 12 invertebrate species in the Stoykova Dupka
1 Cave (Figs. 1, 2), some of them undescribed (B. Petrov, pers.

comm.; Gueorguiev 2005). One of these undescribed taxa is

recognized here as a new member of the troglobiont

harvestmen fauna of Bulgaria (Fig. 3). This species can be

accommodated within the genus Paranemastoma and is

morphologically similar to the likewise troglobiont P.

bureschi. The present paper therefore provides a complete

description of this new species, separates it from Paranemas-

toma bureschi and discusses further discriminating characters

within the Balkan representatives of Paranemastoma.

METHODS
The following abbreviations are utilized: BFS = Bulgarian

Federation of Speleology, Sofia, Bulgaria, L = body length,

mts = number of metatarsal segments on left/right leg, ps =

number of pseudarticulations on left/right leg femora, ts =

number of tarsal segments on left/right leg, v. = village. The
specimens examined are lodged in the following institutions:

Museum d’Histoire naturelle, Geneva, Switzerland (MHNG);
National Museum of Natural History, Sofia, Bulgaria

(NMNHS); Plamen Mitov Collection (PMC).

Material examined.—Paranemastoma titaniacum (Roewer

1914): MONTENEGRO: Province Crkvice: massif Krivosije,

“Vilina pecina u Napode”, 17 July 1973, C. Deeleman, 1 ?, 1

juvenile (L: 2.3, for SEM study), (MHNG). ALBANIA:
Shkoder District. Mt. Prokletije, v. Boge, cave No. 25, 23 May
1993, P. Beron, B. Petrov, 1 <S (for SEM study), 1 ?, 1 juvenile

(NMNHS:400).
Paranemastoma bureschi (Roewer 1926): BULGARIA:

West Stara Planina Mountains: Montana District: cave Beljar,

7 November 1970, V. Beshkov, 1 d, (NMNHS:220); Vratsa

District: v. Bistrets, cave Haydushka Dupka, 26 April 1970, P.

Beron, 1 S (for SEM study), (NMNHS:59); Sofia District: near

V. Gintsi, cave Dinevata Pesht, 24 October 2005, P. Mitov, 1

juvenile (L: 1.8, for SEM study), (PMC); v. Bov, cave Mecha
Dupka, 17 February 1975, P. Beron, 2 dd (I T for SEM study),

2 ??, (NMNHS:286).
Paranemastoma radewi (Roewer 1926): BULGARIA; Stara

Planina Mountains: Sofia District: near v. Gintsi, cave

Dinevata Pesht, 24 October 2005, P. Mitov, 1 juvenile (L:

1.8, for SEM study), (PMC); Lovech District: near v. Lesidren,

cave Mechata Dupka, 5 October 1994, R. Pandurska, 1 d, 1 $,

3 juveniles (1 juvenile, L: 2.1, for SEM study), (PMC); Vitosha

Mountains: above Dragalevtsi, 1100 m elev., 20 May 1988, P.

Mitov, 1 ? (for SEM study), (PMC).

Methods.—I made measurements and drawings using a

MBS-9 stereoscopic microscope and Zeiss microscope

equipped with a dissecting microscope ocular micrometer

and a drawing tube. Harvestmen were photographed under an

Olympus BX41 SZ61 stereo microscope and Olympus BX41
microscope with a mounted Olympus Color View 1 digital

camera. I assembled digital images captured at different focal

planes using the application Combine ZM. The detailed

morphological study of adult and juvenile specimens was

carried out using a scanning electron microscope Jeol JSM-
5510. The SEM study was conducted at 10-20 kV at high

vacuum mode. Specimens were air-dried, mounted on an

aluminum stub, and sputtered with a 300-400 A gold layer

(Jeol JFC-1200 sputter). The author followed Shear & Gruber

(1983), who used the prefix “micro-” preceding terms

303
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24 25 26 27 28

Figure 1.—Bulgaria, showing the distribution of: Paranemastoma bureschi (#, after Roewer 1926; Stargga 1976; Beron & Mitov 1996; the

locality “Saeva Dupka - Lvl8” Cave, seems doubtful, Beron & Mitov 1996), and P. beroni sp. nov., {). Altitudes above 1200 m in gray.

describing features which measure 0.01 mm or less in size. Al!

measurements are in mm.

TAXONOMY

Family Nemastomatidae Simon 1872

Genus Paranemastoma Redikorzev 1936

Paranemastoma Redikorzev 1936:40

Type species .—Paranemastoma superbum Redikorzev 1936,

by original designation.

Pammmastoma beromi sp. nov.

Figs. 3-9, 1 1, 13, 15, 17-20, 22, 24-27, 29, 30, 35, 38, 46, 47, 51

Type material .—Holotype male: BULGARIA: Sandanski

District: Slavyanka (= Ali Botush) Mountains, Goleshevo

Village, locality Suhomel, precipice cave Stoykova Dupka 1

(= Stoykina Dupka), BFS registration cave No. 309,

41°24'11.^7"N, 23°35'42.8-9"E (41.40268°N, 23.59366°E,

WGS 84), hand-collected from the base of cave gallery wall,

14 November 2005, P. Beron, B. Petrov (NMNHS, without

registration number); Paraiype: 1 male, same locality as

holotype, hand collected from the base of cave gallery wall, 10

October 2009, B. Petrov (NMNHS, without registration

number; mounted on SEM stub).

Additional material examined.—BULGARIA: 3 juveniles (1

juvenile L: 1.2 mounted on SEM stub), collected with

holotype, hand collected between and under stones on cave

bottom, 14 November 2005, P. Beron, B. Petrov (NMNHS,
without registration numbers); 2 juveniles (1 juvenile L: 1.75

mounted on SEM stub, Figs. 30, 35, 47), collected with

paratype, hand collected between stones on cave bottom, 10

October 2009, B. Petrov (NMNHS, without registration

numbers).

Etymology.—This species is named in honor of Dr Petar

Beron (Sofia) in recognition of his extensive contributions to

speleology, arachnology, and dedicated for the occasion of his

70th birthday.

Diagnosis.—An eyeless Paranemastoma species with black-

brown body, without scutum armament (with two pairs of

weakly expressed pustules only visible under SEM) and

without golden (silver) spots; integument with fine granula-

tion, body sculpture in the form of sharp granules and conical

microdenticles; ocularium reduced; supra-cheliceral lamellae

bear rugged granules. Cheliceral basal segment with small

ellipsoidal, fissure-like opening of the cheliceral gland, and

with a very small cheliceral apophysis. Distinct form of the

glans penis.

Description .—Male holotype (measurements of paratype

in parentheses): Dorsal body (Figs. 3, 4, 11): Total length
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Figures 2, 3.—The type locality of Paranemastoma beroni sp. nov.: 2. Map of Stoykova Dupka 1 Cave (vertical section). From cave-map

archive of Bulgarian Federation of Speleology, Sofia, with special permission of Mr. Alexey Zhalov, (authors: A. Iliev, R. Petrov & A.

Kavaldzhiev, 1990, unpublished). (Black dots indicate the cave zones where the new species has been collected); 3. P. beroni sp. nov. (paratype)

on the cave wall. (Photo: B. Petrov).
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Figures 4-9 .—Parcmemastonui heroni sp. nov.: 4-8. Male holotype: 4. Dorsal view; 5. Ventral view; 6. Right chelicera, medial view (ectobasal

knob arrowed); 7. Right chelicera, lateral view; 8. Right chelicera, distal part of basal segment, medial view; 9. Dorsal view, juvenile. Scale lines:

1 mm (4, 5, 9), 0.5 mm (6, 7, 8).
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Figures 10, 11.—Males, habitus, SEM: 10. Paranemastoma bureschi, with abnormal scutum armament - the third pair of tubercles are missing,

dorsal view; 11. P. beroni sp. nov., paratype, dorsal view.
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2.7 (2.75); Total length, including supracheliceral lamellae, 2.9
(2.9)

. Prosoma 2.05 (2.05) wide; opisthosoma 2.1 (2.2) wide; '

scutum magnum length 2.55 (2.55); coloration: dorsal black-
;

brown, prosoma darker than opisthosoma, without golden or

silver spots; propeltidium with stronger granulation, consist- ;

ing of tiny stumps, scutum sculpture in the form of sharp
,

granules and conical microdenticles (Figs. 46, 51); abdominal
Areas I and II medially convex; dorsal scutum with 5 rows of

;

setae on edges of abdominal Areas I-V. Scutum armament
absent, strongly reduced, with only 2 paramedian pairs of

'

pustules of Area III, IV (only visible under SEM, Figs. 11,17).

Position of pustules marked by slit-sensilla (compare Mitov

1995, p. 157, fig. 9) (Fig. 51). Supra-cheliceral lamellae dark

brown and granular, with fairly broadly separated rugged
'

granules (Figs. 4, 11, 13, 38). Ocularium (Figs. 11, 13) reduced

and low, without eyes, with three pairs of setae on the lateral

and rear slopes, length = 0.45 (0.518), width = 0.56 (0.448)

height = 0.126 (0.140). Ventral body dark brown; free :

stemites with posterior rows of setose tubercles (Fig. 5).
"

Appendage lengths: chelicerae; basal segment 1.85, distal

segment 2.40 (2.25), movable digit 1.125 (1.25); palpus: 8.025

(7.871) (trochanter 0.75 (0.75), femur 2.70 (2.65), patella 2.10
‘

(2.05), tibia 1.60 (1.525), tarsus 0.875 (0.896)); leg I: 17.0
'

(16.90) (trochanter 0.5 (0.5), femur 4.10 (4.15), patella 0.95

(1.0), tibia 2.80 (2.80), metatarsus 5.50 (5.25), tarsus 3.15
,

(3.20)

); leg II: 29.30 (28.71) (trochanter 0.5 (0.5), femur 6.30 ;

(6.20)

,
patella 1.20 (1.20), tibia 4.70 (4.40), metatarsus 11.10

(10.55), tarsus 5.50 (5.60)); leg III: 18.05 (17.75) (trochanter

0.5 (0.5), femur 4.35 (4.30), patella 0.90 (LOO), tibia 2.75

(2.75), metatarsus 6.05 (5.8), tarsus 3.50 (3.40)); leg IV: 23.45

(22.85) (trochanter 0.5 (0.5), femur 6.00 (5.70), patella 1.05

(1.

10)

,
tibia 3.35 (3.40), metatarsus 8.05 (7.75), tarsus 4.50

(4.40)); ps I-IV: 3/3 (2/3), 7/6 (7/6), 3/3 (4/4), 6/6 (5/7); mts I- ^

IV: 4/5 (5/5), 11/13 (11/11), 4/5 (4/3), 5/5 (5/4); ts I-IV: 19/21 i

(21/20), 31/25 (29/29), 20/19 (18/20), 21/19 09/18). Chelicerae :

(Figs. 6-8, 17-19): basal segment medial with ectobasal knob

(Fig. 6), distal with short, black apophyses (visor like), 0.07 in
*

length (Figs. 8, 18, 19), and with small ellipsoidal, fissure-like 1

opening of cheliceral gland (Fig. 20); basal segment coloration

black-brown; distal segment width (frontal) 0.575 (0.60),

brown with black-brown spots. Digits black-brown. Pedipalps :

(Fig. 22) thin: patella and tibia 0.168 (0.154) in diameter; •

femur and tarsus 0.154 (0.140) in diameter, femur to tarsus i

covered with clavate setae; trochanter, femur, patella brown, .

tibia and tarsus yellow-brown; tarsus/tibia = 0.547 (0.587).

Legs: femora black-brown; patella and tibia brown; metatar-

sus and tarsus are light brown (yellow-brown); claw length

0.225. Pseudoarticulations in middle of leg femora; coxae with

rows of long setose tubercles (Fig. 5). Penis (Figs. 24-27, 29)

typical for Paranemastoma, with asymmetric and bilobed

glans penis, bearing setae, penial basis with lobes, brown

(Fig. 27); penis length 2.17 (2.1 1); truncus width 0.050 (0.050);

glans penis width 0.0475 (0.0425), stylus length 0.045 (0.045),
|

Figures 12-14.—Scanning electron micrographs of male ocular-

ium: 12. Paranemastoma biireschi, dorsal view; 13. P. beroni sp. nov.,

paratype, dorsal view, plus part of supra-cheliceral iamellae, (broken i

setae position arrowed); 14. P. titaniacum, dorso-frontal view. >
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Table 1.—Diagnostic characters between males of Parcmemastoma beroni, sp. nov. and Parcmemastoma bweschi.

Paranemastoma beroni sp. nov. Paranemastoma bureschi

Body Color: black-brown; max. width: 2.2; without scutum

armament (with two paramedian pairs of weakly

expressed pustules on abdominal Areas III, IV-

only visible under SEM) (Figs. 4, 5, 11)

Color: brown to black; max. width: 1.8; with scutum

armament (three (rare two) paramedian pairs of

small sharp tubercles on abdominal Areas II, III,

IV) (Fig. 10)

Ocularium Broader and round (Fig. 13) Ellipsoidal (Fig. 12)

Genital operculum With pointed apex (Fig. 15) With rounded apex (Fig. 16)

Supracheliceral lamellae Granulate (with fairly broadly separated rugged

granules) (Figs. 13, 38)

Smooth to weakly granulate (Figs. 32, 39, 40)

Chela More massive (Figs. 6, 7, 17-19); basal segment:

many setae on distal end; with short apophysis

and opening of cheliceral gland (Fig. 20).

Slender (Fig. 21); basal segment: only 4 setae on distal

end; without apophysis and opening of cheliceral

gland.

Palp More massive (Fig. 22) Patella (2.05-2.10 long) and

tarsal segment (0.840-0.896 long) shorter. Tibia

almost cylindrical, widest at its distal end. This

shape is characteristic for epigean and

neotroglobiont species. Tarsal segment almost

straight (slightly curved). Ta:Ti = 0.547-0.587

More slender (Fig. 23) Patella (2.3-2.425 long) and

tarsal segment (1.125-1.275 long) longer. Tibia

spindle-shaped, widest at its proximal end; a typical

shape for the old troglobite nemastomatids

(compare with Nemaspela Silhavy 1966 in Martens

2006 and Chemeris 2009) and Mitostoma Roewer

1951 (Martens 1978; Dunlop & Mitov 2009). Tarsal

segment spindly and conspicuously curved. Ta:Ti =

0.75-0.81

Legs Tibia I-IV without pseudarticulations. Only Tibia II with pseudarticulations.

Scutum microsculpture Wide, consisting of sharp granules plus conical

microdenticles (Figs. 46, 51)

Dense/thickset, consisting of oval and sharp granules

plus microspines and globular microgranules

(Fig. 48, 49)

Penis Apex of the stylus - narrow (pad-shaped)

(Figs. 25, 26, 29). Short arm of glans penis

equipped with 5 massive setae and one sharp

papilla (Figs. 25, 26, 29).

Apex of the stylus - broad (fan-shaped) (Fig. 28 and

Stargga i976:fig. 36). Short arm of glans penis

equipped with 10 setae, only (Fig. 28).

stylus base width 0.01375 (0.015); length (height without setae)

0.02 (0.0175) and width 0.0200 (0.0225) of short arm of glans

penis; short arm equipped with 5 (5) setae and one sharp

papilla (Fig. 26, see arrow); stylus equipped with 2 (4) setae.

Variation: Difficult to estimate upon the small material. The
number of leg femoral pseudarticulations and metatarsal and

tarsal leg segments appear variable.

Juveniles-. The associated juveniles are early instars with a

depigmented integument: white to yellow-white, with slight

brownish yellow pigmentation on the propeltidium; the caudal

borders of areas I-V weakly sclerotized, light yellow-brown in

color (Fig. 9). Movable and fixed cheliceral fingers black-

brown. Palps and microsculpture similar with these in adults;

scutum without strong granulation, see Figs. 30, 35, 47.

Measurements: L: 1.2-2.15 mm, body width 0.9-1. 7.

Female-. Unknown.
Differences from other Paranemastoma species.

—

Parane-

mastoma beroni is easily distinguished from most other species

within the genus by the lack of eyes. This character is only

shared with Paranemastoma bureschi, from which P. beroni

can be discriminated by the lack of dorsal spines and the

presence of a marked cheliceral apophysis and opening of the

cheliceral gland in males, lacking in P. bureschi. Furthermore,

the two species are allopatric. A comprehensive list of

discriminating characters of the two morphologically similar

species is given in Table 1.

Distribution and habitat.—The type locality of P. beroni,

cave Stoykova Dupka 1 (Figs. 1, 2), is situated on the

northern slope of the Slavyanka (Ali Botush) Mountains,

1150-1 160 m elev., in thin Fagus forest, mixed with Carpinus,

Cornus and Crataegus. This precipice cave (length 39-40 m,

displacement 19-35 m) formed in proterozoan metamorphic

limestone and marble (Fig. 2, Nikolov & Yordanova 1997),

and has its bottom covered with soil and piled stones. The
temperature at the bottom of the cave lies between 4.0° and
7.0° C (4.5° C, 18 May 2004; 6.0° C, 14 November 2005; 7.0°

C, 10 October 2009; all data of B. Petrov, pers. comm.).

The new species is currently known only from the type

locality, where it was found at the bottom of the cave

gallery walls and between stones on the ground of the cave

(Figs. 2, 3).

DISCUSSION

Relationships within Paranemastoma .—The penis type

(Figs. 24-27, 29) of the new species clearly indicates that the

latter is a member of genus Paranemastoma. The distal part of

the penis is similar to that of P. bicuspidatum (C.L. Koch

1835), especially in the pad-shaped stylus end and setation

(compare Fig. 25 with fig. 163 in Martens 1978).

On the one hand, the new species shows affinities to the only

known troglobiont species - P. bureschi - in a number of

characters, including the reduced ocularuim without eyes, lack

of golden (silver) spots, scutum sculpture (consisting predom-

inantly of long and pointed elements), a similar habitus and

elongated appendages. All of the characters listed here,

however, can be interpreted as modifications to cave life (see

also Curtis & Machado 2007), rather than having a systematic

value. These may represent convergences and could not serve
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Figures 15, 16.—Male genital operculum, SEM: 15. Paranemastoma beroni sp. nov., paratype; 16. P. bureschi. Scale lines: 200 pm, X 60.
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Figures 17-20 .—Paranemastoma beroni sp. nov., paratype male, SEM: 17. Body and chelicerae, lateral view, palps and legs removed; 18.

Chelicerae, frontal view; 19. Chelicerae, dorsal view; 20. Cheliceral apophysis with cheliceral gland opening (black frame); the drop-like

structures on the cheliceral tegument are artifacts.

as delineating characters. On the other hand (and in contrast

to P. bureschi) the new species is not so extremely troglo-

morphic, because it is more similar to the epigean and
neotroglobiont members of the genus Paranemastoma (c.f.

Star^ga 1976; Martens 1978, 2006) due to its stronger

chelicerae with apophyses (although short), the opening of

the cheliceral gland, round ocularium, and granulate supra-

cheliceral lamellae, stronger granulation (consisting of tiny

stumps, similar to P. titaniacum - Figs. 14, 37, 41), on the

propeltidium and the abdominal part of the scutum, as well as

the shape of the palpal tibial and tarsal segment.

It is noteworthy that the lack or the strong reduction of the

golden (silver) spots and the scutum armament (reduction of the

number and height of spines) are not only typical for the species

restricted to caves {P. bureschi, P. beroni, P. titaniacum). This

phenomenon can also be observed in epigean species adapted to

living in the high mountains, most possibly as a response to the

higher UV radiation in combination with lower temperatures;

e.g., P. bicuspidatum (C.L. Koch 1835), P. mackenseni (Roqwqv

1923), P. aurigerum ryla (Roewer 1951). It is possible that the

scutum spots, in combination with the black body color of the

Paranemastoma and other nemastomatid species, facilitate heat
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Figure 21 .—Paranemastoma bureschi, male chelicerae, dorsal view, SEM.

accumulation, and their development might be directly

connected to the light intensity.

Comparative sculpture morphology.—The sculpture of adults

and juveniles of the following Balkan Paranemastoma species

was compared using SEM: 1) P. radewi, the most common
surface and troglophile species in Bulgaria (Stargga 1976;

Beron & Mitov 1996), 2) P. titaniacum, a neotroglobite and a

species with lesser degrees of troglomorphism - a pigmented

harvestman with reduced cornea and one pair of spines on the

scutum and without golden (silver) spots known from caves in

Montenegro, Bosnia, Herzegovina and Albania (Roewer 1914;

Karaman 1995a; Mitov 2000) - and 3) the old troglobionts P.

bureschi and P. beroni.

The comparison showed that the sculpture of adult P.

bureschi and P. beroni consists of sharp and oval granules,

conical microdenticles, globular microgranules and micro-

spines (Figs. 46, 48, 49, 51), and thus clearly differs from that

of other Paranemastoma species, in which it is mushroom-
shaped or forms tiny stumps (Figs. 41, 43) (c.f. Eisenbeis &
Wichard 1987, Plate 18 c, d, f; Mitov 1995, fig. 9). The

comparison also showed a clear similarity in the microsculp-

ture among the juveniles (Figs. 33-36, 42, 45, 47, 50) and the

old troglobiont species - a phenomenon possibly related to the

need for a hydrophobic type of surface and easier removal of

clay particles, the cuticle being thin and soft (Figs. 30-32, 46-

51). Such a sculpture most probably helps to prevent the

animal from getting wet, as individuals shelter in narrow

fissures (under stones, in deep accumulations of rotten plant

material) in a very humid and dark environment, where

possibilities for locomotion are strongly limited and the

danger of inundation exists. A similar type of sculpture

elements can be seen in Ischyropsalis spp. (Silhavy 1956, figs.
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Figures 22, 23.—Pedipalps, SEM; 22. Paranemastoma beroni sp. nov., paratype male, left pedipalp, lateral view; 23. P. bureschi, male, right

pedipalp, medial view.

Figures 24-27 .—Paranemastoma beroni sp. nov., male genitalia: 24. Penis, holotype, ventral view; 25. Penis, distal end, holotype, ventral view;

26. Penis, distal end, paratype, ventral view, SEM (arrow show the sharp papilla); 27. Penis, basal part, paratype, ventral view, SEM. Scale lines:

0.5 mm (24), 0.01 mm (25), 0.02 mm (26), 0.1 mm (27).
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Figures 28, 29.—Male genitalia, SEM: 28. Paranemcistoma

hureschi, penis, distal end, dorsal view; 29. P. heroni sp. nov.,

paratype, penis, distal end, dorsal view. Scale lines = 0.02 mm.

3, 8), which also prefers permanently humid environments.

Adis & Messner (1991), Adis et al. (1999), Hebets & Chapman
(2000), and literature therein, discuss the hydrophobic type of

cuticle in invertebrates. Most probably, an important role for

the development of such a sculpture (microsculpture) type in

the environments inhabited by juvenile Paranemastoma and

the troglobiont species is the lack of factors selecting for

“normal” non-troglobiont adult habit (strongly sclerotized

integument). For example, adults of epigean Paranemastoma

occur in resource rich environments under the influence of

diverse abiotic factors where they are much more accessible to

predators (c.f. Cokendolpher & Mitov 2007), and where there

are conditions for a much higher locomotor activity mainly

connected to reproduction (Mitov 1996). Also, it seems that in

troglobiont members of the genus Paranemastoma, this type of

microsculpture, characteristic of juvenile Paranemastoma, is

retained in the adults, which also maintain a relatively thin

cuticle (Figs. 30-32, 35, 36, 38^0, 46-51). This case of

cuticular “softening” (juvenification) is perhaps related to

specialization to subterranean habitats and a subterranean

way of life (Curtis «fe Machado 2007) and could be defined as

cuticular neoteny (pedomorphosis) in troglobiont Paranemas-

toma species. This simplification of the cuticle in troglobionts,

driven by neotenic factors, probably facilitates their adapta-

tion to subterranean habitats, protects the species against

Figures 30-32.—Frontal body part, detail, reduced ocularium and

supra-cheliceral lamellae, sculpture, SEM: 30. Paranemastoma heroni

sp. nov., juvenile; 31. F. hureschi. juvenile; 32. P. hureschi, male.
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Figures 33-36.

—

Paranemastoina iuvenilcs', supra-cheliceral lamellae, microsculpture, SEM: 33. Paranemasloma raclewi; 34. P. titaniaciim\ 35.

P. beroni sp. nov.; 36. P. biireschi. Diamond indicates glandular openings; dashed frame indicates glandular pore plates/fields.

over-specialisation and enhances the evolutionary plasticity of

the group (see also Rambla 1980; Shear 1974, 1996).

By contrast, in the epigean and neotroglobiont species of the

genus Paranemastoma, the adult cuticle is differently armed,

presumably yielding additional cuticle strength and durability

(Figs. 14, 37, 41, 43). Furthermore, the cuticular sculpture in

epigean species is very similar (Eisenbeis & Wichard 1987;

Mitov 1995, pers. obs. on P. aurigerum ssp. sculpture), and

because of this it could not serve as a delineating character.

One possible morphological adaptation to the troglobiont way
of life of these species may thus be the type of sculpture

elements, and in particular their transition in adults from

mushroom-shaped structures (in surface and troglophile

species) and stumps (in neotroglobites) to cone-like structures

and ultimately to granule- and spine-like structures (in old

troglobites) (Figs. 41, 43, 46, 48, 49, 51).

In summary, it can be noted that the thickness and sculpture

of the cuticle among different stages in the different species of

Paranemastoma is probably an adaptive feature. The sculpture

type in Paranemastoma (and possibly in other opilionid

groups) can be used only as a measure of troglomorphism

and can be added to the list of cave adaptations.

Zoogeographical remarks.—The predecessors of Paranemas-

toma species were probably widely distributed throughout

north Egeida during the Tertiary. Inundations, mountain

uplifts and aridification during the late Tertiary, as well as

glaciations and the following xerophytization might have

caused the isolation of populations and subsequent speciation

within this hygrophilic taxon. Similar to other members of the

genus; e.g., P. bicuspidatum, P. aurigerum ryla, P. kalischevskyi

(Roewer 1951), P. titaniacum; P. beroni possesses typical

features of mountaneous forms such as reduction of spots and

armament on the scutum, psychrophilicity and a frigostable,

mountain distribution. It probably originated in the moun-
tains at the end of the Tertiary (Pliocene-Pleistocene), when
uplifts were a significant occurrence (Mandov 1986) (after

Gruev 1990). Gruev (1988) argued that the troglobiont P.

bureschi is probably a Tertiary relict. The species’ predecessor,

as well as that of P. beroni, might have entered the caves

between the Pliocene and the Quaternary, when the climate
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Figures 37-40.—Supra-cheliceral lamellae, sculpture, males, SEM; 37. Pciranemastoma litaniacimv, 38. P. beroiii sp. nov., paratype; 39. P.

hiireschi (“smooth” type); 40. P. hureschi (granulate type, granules arrowed).

became cooler and drier and when many other forms are

thought to have entered caves in the Balkan Peninsula

(Gueorguiev 1977). It is possible that the adaptation to

subterranean way of life in these two tertiary relicts has taken

place with a different pace and duration. This is supported by

the fact that the reduction of all characters in P. bureschi is

more advanced, and that the western Stara Planina (Balkan

Range) cave system it inhabits features an old troglobiontic

fauna including the laniatorids Pamlola buresi Kratochvil 195

1

and Trojanella serbica Karaman 2005. It is quite possible that

the predecessor of P. bureschi was relatively more thermoph-

ilous and entered the caves sooner than the predecessor of P.

beroni, with the first signs of climate drying and cooling. In the

latter species, features such as the cheliceral gland, which can

be reduced in cave taxa of Nemastomatidae (see Martens

2006), are still present, and the ocularium is not completely

reduced. Therefore it is suggested that P. bureschi is an older

troglobite than P. beroni.
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Figures 41^5.—Scutum sculpture: 41. Paranemastoma titaniacum, male. Area I; 42. P. titaniaciim, ]\ivev\i\c. Area I; 43. P. raclewi, female.

Area I; 44. P. radewi, juvenile. Area I; 45. P. radewi, juvenile, behind ocularium, plus rear slope of ocularium. Diamond indicates glandular

opening; dashed frame indicates glandular pore plate.
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Figures 46-5 1
.—Scutum microsculpture: 46. Paranemastoma heroni sp. nov., paratype male. Area III-IV; 47. P. beroni sp. nov., juvenile, Area

I-II; 48. P. hureschi, male. Area III-IV; 49. Same, magnified; 50. P. hureschi. juvenile, plus part of ocularium (= the area with glandular pore

plates) (diamond indicates glandular opening; dashed frame indicates glandular pore plate); 51. R. beroni sp. nov., paratype male. Area III-IV,

left side (dashed frame indicates slit-sensilla).
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Cladistic analysis and biogeography of the genus Oligoxystre VeUard 1924

(Araneae: Mygalomorphae: Theraphosidae)

Jose Paulo Leite Guadanucci; Universidade Federal dos Vales do Jequitinhonha e Mucuri, Departamento de Ciencias

Biologicas, Laboratorio de Zoologia de Invertebrados, Campus JK, Rodovia MGT 367 - Km 583, n° 5000, Alto da

Jacuba, Diamantina-MG, Brasil, CEP 39100-000. E-mail: joseguadanucci@gmail.com

Abstract. The genus Oligoxystre was originally established in 1924 for O. auratwn Vellard 1924 from southern state of

Goias, Central Brazil. Today, the genus includes seven species: O. auratwn, O. caatinga Guadanucci 2007, O. bolivianum

(Vol 2001), O. tucuruiense Guadanucci 2007, O. rufoniger Guadanucci 2007, O. dominguense Guadanucci 2007, and O.

diamantinemis Bertani et al. 2009. Oligoxystre mineirum new species, from the Atlantic forest domain is described here.

The cladistic analysis resulted in a single tree: {O. caatinga (O.mineirum ({O.tucuruiense+0. rufoniger) {O.dianumtinensis

(O. bolivianum +0. dominguense))))). According to the area cladogram obtained, it is possible to draw the following

conclusions: the origin of the Cerrado fauna is monophyletic; the occurrence of two sympatric species in Caatinga is due to

different events; and the diversity of Oligoxystre in Serra do Espinhago (O. rufoniger, O. diamantinensis and O. mineirum) is

probably the result of the contact of the typical fauna of each bioma (Cerrado, Caatinga and Atlantic Forest).

Keywords: Spider, phylogeny, Serra do Espinha^o, Ischnocolinae

The genus Oligoxystre was originally established in 1924 by

Vellard for O. auratwn Vellard 1924 from southern state of

Goias, Central Brazil. It was originally monotypic and

diagnosed as having the labium much wider than long, with

few cuspules. Oligoxystre was considered the senior synonym
of the genus Cenobiopelma Mello-Leitao & Arle 1941 by

Raven (1985) and subsequently comprised three species,

including O. mimeticum (Mello Leitao & Arle 1934) and O.

argentinense (Mello Leitao 1941). In a recent taxonomic

revision, Guadanucci (2007) removed the latter two species

from Oligoxystre and recognized six species in the genus: O.

auratum, the type species, O. caatinga Guadanucci 2007, O.

bolivianum (Vol 2001), O. tucuruiense Guadanucci 2007, O.

rufoniger Guadanucci 2007, and O. dominguense Guadanucci

2007. More recently, another new species was described from

Diamantina, Serra do Espinhago, namely O. diamantinensis

Bertani et al. 2009. There, O. diamantinensis was included in

the cladogram proposed originally by Guadanucci (2005) and

placed in a basal trichotomy.

The examination of extensive material of Instituto Butantan

and collecting field trips at different localities of the Serra do

Espinhago Meridional revealed one more new species, and the

first species known from the Atlantic forest domain. In this

paper, I present the description of this new species, a cladistic

analysis including all seven species of the genus, and an area

cladogram with discussion concerning the origin of the main

groups of Oligoxystre.

METHODS
Specimens from the following institutions (giving acronym,

city, and curator) were examined: CAD, Colegao Aracnolo-

gica Diamantina, Brazil (J.P.L. Guadanucci); DW, Dirk

Weinmann private collection, Sttutgart, Germany (D. Wein-

mann); IBSP, Instituto Butantan, Sao Paulo, Brazil (A.D.

Brescovit); MPEG, Museu Paraense Emilio Goeldi, Universi-

dade Federal do Para, Belem, Brazil (A. Bonaldo); MZSP,
Museu de Zoologia da Universidade de Sao Paulo, Sao Paulo,

Brazil (R. Pinto-da-Rocha).

All measurements are in mm and were taken with an ocular

micrometer. The length of leg segments was measured

between joints in dorsal view. Length and width of carapace,

eye tubercle, labium, and sternum are maximum values

obtained. Total body length includes chelicerae and abdo-

men, but not spinnerets. Terminology for number and

disposition of spines follows that of Petrunkevitch (1925),

with modifications proposed by Bertani (2001). All pictures

were taken with a Nikon 5 Mpixel digital camera adapted to

an Olympus SZ40 ocular lens. Spermathecae were cleared

with clove oil and photographed in dorsal view. Male palpal

bulbs from the left side were removed from the cymbium and

photographed in prolateral, retrolateral, and dorsal views.

Setae of male tibia I were removed in order to better illustrate

the tibial spur.

The matrix for the cladistic analysis was done using the

Nexus Data Editor (NDE) 0.5.0 software (Page 2001). The

characters were polarized using outgroup comparison (Nixon

& Carpenter 1993), and the taxa used were Holothele rondoni

(Lucas & Biicherl 1972) and Guyruita cerrado Guadanucci et

al. 2007. The matrix was analyzed with TNT 1.0 (Goloboff,

Farris & Nixon 2003). The multistate character (character 6)

was treated as unordered. The tree was obtained using a

heuristic search (TBR) with 500 replications and using equal

weights. The option ‘collapse tree after search’ was used; the

collapsing method was rule 1 (zero length branches in at least

one of the trees found were collapsed). For character

optimization I used Winclada 1.00.08 (Nixon 1999). The area

cladogram was obtained by replacing the terminal taxa by its

geographical area distribution. The map for geographical

distribution was produced using Microsoft Encarta 16.0.0.1 17.

Below is a list with all specimens used in the cladistic

analysis:

-Guyruita cerrado Guadanucci et al. 2007: Im holotype

(MZSP 27098), Serra da Mesa, Colinas do Sul, Goias,

Brazil. If paratype (MZSP 22766), Serra da Mesa, Colinas

do Sul, Goias, Brazil.

320
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-Holothele rondoni (Lucas & Biicherl 1972): Im (MZSP
18046), Apiacas, Mato Grosso, Brazil. If (MZSP 21504),

Tucurui, Para, Brazil.

-Oligoxystre bolivianum (Vol 2001): Im (MZSP 26082),

Samaipata, Santa Cruz, Bolivia. If (MZSP 26085), San

Buenaventura, Beni, Bolivia.

-Oligoxystre caatinga Guadanucci 2007: Im holotype (IBSP

9487), Central, Bahia, Brazil. If paratype (IBSP 8549), Toca

da Esperan?a, Jussara, Bahia, Brazil.

-Oligoxystre dominguense Guadanucci 2007: Im holotype

(IBSP 8625), Sao Domingos, Goias, Brazil. If paratype

(IBSP 9467), Serra da Mesa, Minagu, Goias, Brazil.

-Oligoxystre rufoniger Guadanucci 2007: Im holotype

(MZSP 20570), Estagao Ecologica Urugui-una, Piaui,

Brazil. If paratype (IBSP 8553), Toca da Esperanga,

Central, Bahia, Brazil.

-Oligoxystre tucuruiense Guadanucci 2007: Im holotype

(IBSP 9459) and If paratype (IBSP 7936), Tucurui, Para,

Brazil.

-Oligoxystre diamantinensis Bertani et al. 2009: Im (CAD
138), Diamantina, Minas Gerais, Brazil. If (CAD 141),

Diamantina, Minas Gerais, Brazil.

-Oligoxystre mineirum sp. nov.: Im (IBSP 9501), Itabuna,

Bahia, Brazil; R. Bertani leg. If (IBSP 9452), Itabuna,

Bahia, Brazil.

TAXONOMY

Family Theraphosidae Thorell 1869

Genus Oligoxystre Vellard 1924

Oligoxystre Vellard 1924:151, pi. 10, fig. 38.

Pseudoligoxystre Vol 2001:4-6, 7 figs, (type-species Pseudoli-

goxystre bolivianum Vol 2001); Oligoxystre Guadanucci

2007:4, f. 1-12.

Type species.—Oligoxystre auratum Vellard 1924, by
original designation.

Diagnosis.—It differs from other ischnocoline genera and

resembles Catumiri by the labium much wider than long,

bearing a reduced number of cuspules (fewer than 10). It

differs from Catumiri by the undivided tarsal scopula on I-III

and scopula on tarsi IV undivided but with a longitudinal

band of setae (Figs. 1, 2), the metatarsus I having scopula

ventrally for all its length, the spermathecae with numerous
termini, the well-developed retrolateral branch of the tibial

spur, and by the tarsal claws of males without teeth.

Composition.

—

Oligoxystre auratum Vellard 1924, O. boli-

vianum (Vol 2001), O. caatinga Guadanucci 2007, O.

dominguense Guadanucci 2007, O. tucuruiense Guadanucci

2007, O. rufoniger Guadanucci 2007, O. diamantinensis Bertani

et al., 2009 and O. mineirum sp. nov.

Note.—The type species of the genus, O. auratum, described

from the city of Catalao, southern state of Goias, Brazil, has

not been collected since the original description, which dates

from 1924. The type specimen is thought to be lost

(Guadanucci 2007). Several attempts have been made to

collect O. auratum in the type locality and surroundings,

without success. The only species present in the type locality is

O. bolivianum, whose color pattern agrees with that of O.

auratum in the original description. However, the illustration

of the male palpal bulb in the original description of O.

auratum, although unsatisfactorily detailed, is different from

that of O. bolivianum. As O. auratum is insufficiently known,

this species is not included in the present analysis.

Oligoxystre mineirum new species.

Figs. 3-6, Tables 1, 2

Type material.—Holotype: male (IBSP 9501), Itabuna

(14°47'S, 39°16'W), Bahia, Brazil; R. Bertani. Paratypes:

female (IBSP 9452), Itabuna, Bahia, Brazil; female (IBSP

9464), Ilheus (14°47'S, 39°02'W), Bahia, Brazil, A.D. Bres-

covit & R. Bertani leg., 24 April 1998; female (IBSP 9463),

Ilheus, Bahia, Brazil, R. Bertani, D. Pinz & R. Faria leg.; male

(IBSP 9492), Santa Barbara (19°58'S, 43°24'W), Minas

Gerais, Brazil, R. Bertani leg., 24 July 1995; male (CAD
228), Diamantina (18°14'S, 43°36'W), Minas Gerais, Brazil,

J.P.L. Guadanucci leg., Occtober 2008.

Other material examined.—BRAZIL: Ceard: Crasto, Im
(IBSP 9142), Bertani leg., Im (IBSP 9142), Bertani leg.. If.

Sergipe: Santa Luzia do Itanhy (11°21'S, 37°27'W), If

(IBSP8626) A.D. Brescovit et al. leg., September 1999. Bahia:

Porto Seguro (16°26'S 39°04'W), Im (DW), Itabuna, If (IBSP

9466), Bertani leg.. If (IBSP 9465), Bertani leg. Minas Gerais:

Ouro Preto (20°23'S, 43°30'W), If (IBSP 2526), A. Bittencourt

leg.. If (IBSP 2554), A. Ulhoa leg.. If (IBSP 3437), W.
Bittencourt leg., 5 May 1951, If (IBSP 1098), A. Bittencourt

leg., 22 Decemberl947, If (IBSP 3475). Edgar de Melo
(19°13'S, 4r55'W), If (IBSP 9450), S.A. Silva leg., 2 August

1989. Diamantina, If (CAD 229), J. P. L. Guadanucci leg.,

November 2008.

Etymology,—Named after the type locality in the state of

Minas Gerais, Brazil. The term ‘mineiro’ is a patronymic of

Minas Gerais.

Diagnosis.—Representatives of this species differ from the

remaining Oligoxystre by the presence of gray setae on the

carapace and legs and by the orange patch of setae at the

anterior dorsal portion of abdomen (Fig. 3). Males share with

O. caatinga and O. rufoniger the slender and elongated

embolus without keels (Figs. 5A-C), but can be distinguished

from O. caatinga by the tibial apophysis far from metatarsus,

and from O. rufoniger by the well developed retrolateral

branch of tibial apophysis (Fig. 6). Females may be distin-
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Figures 3-6.

—

Oligo.xystre mineinim sp. nov. 3. Female, dorsal habitus, arrow shows the location of orange patch; 4. Female, spermathecae,

dorsal view; 5. Male, palpal bulb, a. Prolateral view, b. Retrolateral view, c. Dorsal view; 6. Male, tibial apophysis, prolateral view. Scale = 1mm.

guished by the long receptacula, each with numerous lobes on

the apex and on the inner surface (Fig. 4).

Description.—Male (holotype): Total length: 18.3. Cara-

pace: length 6.5; width 5.3. Eye tubercle: length 1.7; width 1.2.

Labium: length 0.7; width 1.2. Sternum: length 4.0; width 3.2.

Basal segment of chelicerae with 10-11 teeth. Labium with

four cuspules. Maxillae with 28 cuspules. Sternum oval.

Thoracic fovea straight. Spines: Palp: femur (d) 0-0-pl, patella

0, tibia (p) V 1-2-1; Legs; 1; femur (d) 0-pl-pl, patella 0, tibia

(v) 0-1-1, (p) 0-1-1, (v) 0-1-1, metatarsus (v) 1-0-0; 11: femur (d)

0-0-pl, patella 0, tibia (v) l-l-ap2, (p) 0-1-1, metatarsus (v) 1-

0-0; III: femur (d) 2-2-2, patella 0, tibia (r) 0-1-1, (v) 1-1 -ap2,

(p) 1-1-1, metatarsus (r) 0-1-1, (v) l-l-ap3, (p) 1-1-1; IV; femur

(d) 0-3-2, patella 0, tibia (r) 0-1-1, (v) 2-2-ap2, (p) 0-1-1,

metatarsus (v) l-l-ap3, (p) 0-1-1, (r) 0-1-1. Retrolateral lobe of

cymbium slightly larger than prolateral lobe. Palpal bulb long,

thin, without keels, slightly curved (Figs. 5A-C). Retrolateral

branch of tibial spur with spine inserted at its apical portion,

prolateral branch shorter than the contiguous spine (Fig. 6).

Tibial spur far from metatarsus articulation. Metatarsus I

bends retrolaterally to tibial spur. Ventral surface of

cephalothorax brown; dorsally with many gray setae, orange

setae at the anterior dorsal portion of abdomen (Fig. 3).

Female (paratype IBSP 9452): Total length; 30.7. Carapace:

length 10.1; width 8.6. Eye tubercle: length 1.4; width 2.1.

Labium: length 1; width 1.7. Sternum; length 4.6; width 4.1. .

Basal segment of chelicerae with 9-1 1 teeth. Labium with three

cuspules. Maxilla with 21-22 cuspules. Thoracic fovea

recurved. Spines: Palp; femur (d) 0-0-pl, patella 0, tibia (v) 0-

2-ap2, (p) 0-1-0, metatarsus 0; Legs: I: femur (d) 0-0-pl, patella

Table 1.

—

Oligo.xystre mineinim new species, male holotype.

Length of leg and palp articles.

Segment Palp Leg I Leg II Leg III Leg IV

Femur 4.9 8.6 7.7 6.3 8

Patella 4.3 5.6 4.4 3.5 4.1

Tibia 4.5 6.8 6.1 5.3 7.4

Metatarsus - 7.6 6.0 5.8 8.2

Tarsus 1.4 3.9 3.7 3.5 3.9

TOTAL 15.1 32.5 27.9 24.4 31.6
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Table 2 .—Oligoxystre mineirum new species, female paratype.

Length of leg and palp articles.

Segment Palp Leg I Leg II Leg III Leg IV

Femur 5.5 7.2 7.2 6.1 7.5

Patella 3.5 5.1 4.6 3.6 4.2

Tibia 3.8 5.3 5.2 4.5 6.4

Metatarsus 4.7 4.6 4.6 7

Tarsus 4 3 2.9 3.1 3.2

TOTAL 16.8 25.3 24.5 21.9 28.3

0, tibia (v) 0-1-apl, (p) 0-1-0, metatarsus (v) 1-0-0; II: femur (d)

0-

0-pl, patella 0, tibia (v) 0-1-apl, (p) 0-1-0, metatarsus (v) 1-0-

0; III: femur (d) 0-1 -2, patella 0, tibia (r) 1-1-0, (v) l-2-ap2, (p) 1-

1-

0, metatarsus (r) 0-1-1, (v) 0-2-ap3, (p) 0-1-1; IV: femur (d) 0-

0-pl, patella 0, tibia (r) 0-1-1, (v) l-2-ap2, metatarsus (r) 0-1-1,

(v) 0-2-ap3, (p) 0-1-1. Spermathecae paired, receptacula much
longer than wide, with numerous lobes on apex and inner

surface of each receptacula (Fig. 4). Coloration as in male.

Variation.—Some males have longer embolus and a darker

coloration.

Distribution.—States of Minas Gerais, Bahia, Ceara and

Sergipe, Brazil (Fig. 8).

CLADISTICS

Characters (see Table 3): 1. Tibial apophysis insertion: 0.

Close to metatarsus, touching the apophysis when flexed (fig.

21 in Guadanucci 2007); 1. Distant from metatarsus, not

touching the apophysis when flexed (fig. 1 in Guadanucci

2007). 2. Apex of retrolateral branch of tibial apophysis: 0.

Normal, as thin as the base (fig. 21 in Guadanucci 2007); 1.

Swollen (fig. 25 in Guadanucci 2007). 3. Size of prolateral

branch of tibial apophysis: 0. Longer than the contiguous

spine (fig. 21 in Guadanucci 2007); 1. Shorter than the

contiguous spine (fig. 25 in Guadanucci 2007). 4. Metatarsus I

of male: 0. Straight; 1. Curved. 5. Male palpal bulb: 0.

Embolus without distal excavation; 1 . Embolus with conspic-

uous distal excavation (figs. 5, 21 in Guadanucci 2007). 6.

Shape of male palpal bulb embolus: 0. Long and slightly

curved (figs. 22, 23 in Guadanucci 2007); 1. Short and strongly

bent (fig. 4 in Guadanucci 2007); 2. Long, with a strong distal

bent (figs. 31, 32 in Guadanucci 2007). 7. Lobes on

spermathecae: 0. Present; 1. Absent. 8. Spermathecae external

lateral lobe: 0. Absent; 1. Present. 9. Number of cuspules on

maxillae: 0. More than 60; 1. Fewer than 50. 10. Number of

cuspules on labium: 0. More than 15; 1. Fewer than 10. 11.

Shape of labium: 0. As wide as long; 1. Much wider than long.

12. Location of sternal sigillae: 0. Set far from sternum

margin; 1. Contiguous to sternum margin. 13. Clypeus: 0.

Absent; 1. Present, short. 14. Metatarsal swollen trichobo-

thrium: 0. Absent; 1. Present.

The phylogenetic analysis resulted in a single tree (Fig. 7)

with 16 steps (Cl = 0.87, RI = 0.89). Bremer support values

are given above each node in the cladogram.

The genus Oligoxystre is monophyletic, supported by the

following synapomorphies: few cuspules (fewer than 50) on

maxillae; few cuspules (fewer than 10) on labium; labium

much wider than long; sigillae contiguous to sternum margin;

presence of swollen trichobothrium on metatarsi. Observa-

tions of web building behavior in nature and captivity for the

species O. rufoniger, O. diamantinensis and O. mineirum sp.

nov. showed that the spider incorporates soil grains into the

silk, making it well camouflaged, as also described for O.

bolivianum in Guadanucci (2007). This behavior of web
building is a putative synapomorphy for the genus. However,

this character was not included in the matrix, since it has been

studied for few species. In agreement with a previous analysis

(Guadanucci 2005), the species O. bolivianum and O.

dominguense are sister groups, supported by the excavation

on the embolus. The newly included O. diamantinensis is sister

to O. bolivianum+0. dominguense. The previous analysis of

Guadanucci (2005) also showed the monophyletic group O.

tucuruiense+O. rufoniger.

The monophyletic group {{0.tucuruiense+0.rufoniger)(0.-

diamantinensis(0.bolivianum+0. dominguense))) has the new
species described herein O. mineirum as its sister group. This

relation is supported by a single synapomorphy: tibial

apophysis located distant from metatarsus in a way that it

does not touch the article when flexed. The species O. caatinga

is the sister group of all remaining species of Oligoxystre.

BIOGEOGRAPHY
The geographic distribution records were obtained from the

recent revision of the genus (Guadanucci 2007), the descrip-

tion of O. diamantinensis (Bertani et al. 2009), the examination

of collection material at Institute Butantan and Museu
Paraense Emilio Goeidi, and also from recent field trip

collections in the surroundings of the city Diamantina and at

Parque Estadual do Rio Preto, at the city of Sao Gongalo do

Rio Preto, state of Minas Gerais. The geographic distribution

of the species are as follows (Fig. 8): O. tucuruiense with single

record for Tucurui, state of Para, Eastern Amazonia; O.

caatinga in Northeastern Brazil, at Caatinga, partially

sympatric with O. rufoniger, but the latter extending to

Table 3.—Character matrix of Oligoxystre species.

Terminal taxa 1 2 3 4 5 6 7 8 9 0 1 2 3 4

Holothele rondoni 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Guyruita cerrado 0 0 0 0 0 0 1 0 0 0 0 0 0 0

0. caatinga 0 0 0 0 0 0 1 0 1 1 1 1 1 1

0. mineirum sp. nov. I 0 0 0 0 0 1 0 1 1 1 1 0 1

0. tucuruiense 1 0 1 0 0 2 1 1 1 1 1 1 0 1

0. rufoniger 0 0 1 0 0 0 1 1 1 1 1 1 0 1

0. diamantinensis 1 0 1 1 0 0 1 0 1 1 1 1 0 1

0. bolivianum 1 1 1 1 1 1 1 0 1 1 1 1 1 1

0. dominguense 1 1 1 1 1 0 1 0 1 1 1 1 1 1
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Figure 7.

—

Relationship hypothesis for the species of the genus

Oligo.xystre. L = 16 steps, Cl = 0.87, RI = 0.89. Black circles =

changes in non-homoplasious characters; white circles = homopla-

sies. Bremer support values inside squares above nodes.

Meridional Serra do Espinhago; O. boUvkmum extends from

Brazilian central Cerrado to southern Bolivia; O. dominguense

in northern Cerrado at northern state of Goias; O. diamanti-

nensis with three records at Meridional Serra do Espinhago;

and O. mineirum from the Atlantic forest and records at

Meridional Serra do Espinhago.

The area cladogram (Fig. 9) shows the biomes where the !

species are found (Amazonia, Caatinga, Cerrado, Atlantic
j

Forest). The Serra do Espinhago mountain range is considered

to present a typical fitofisionomy called Campo Rupestre, which

means “rocky fields,” that belongs to the Cerrado domain and is f

characterized mainly by the presence of specimens of plants of ;

the families Asteraceae, Melastomataceae, Gramineae, Cyper-
;

aceae, Cactaceae, Eicaceae, Leguminosaceae, Velloziaceae, i,

Eriocaulaceae, and Xyridaceae (Silva et al. 2005).
j

According to the area cladogram, I present the following
|

biogeographic hypothesis, based on the assumption of a
j

vicariance model. The monophyly of the Cerrado group (O. !

bolivianum, O. dominguense, and O. diamantinensis) suggests a

single diversification within the area. According to Ferrarezzi
[

et al. (2005), based on phylogenetic relationships of Colubri-

dae snakes of the genus Apostolepis, the northeastern region of
'

Cerrado is more closely related to Caatinga than to the
!;

southwestern portion of Cerrado. This is partially congruent 1

with the data presented herein, which show the close

relationship among the species from Cerrado with Caatinga ;

and Amazonia. However, since there are no records of
i:

OUgoxystre from southwestern Cerrado, it is not possible to I

fully test the hypothesis proposed by Ferrarezzi et al. (2005).

The occurrence of the two sympatric, but not closely

related, species in Caatinga suggests allopatric speciation and

secondary sympatry. The close relation between the fauna of

Caatinga and Eastern Amazonia has also been verified for

Figure 8.—Map of central region of South America showing geographic distribution records of OUgoxystre species: - O. tuciindense; ^ - 0.

cacttitigcr, O. holivianimv, ®-0. dianiuiilineiisis; - O. rufoniger, - O. dominguense', A - <9- mineirum sp. nov. The black shadings on the map
represent the Serra do Espinhago mountain range.
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Figure 9.—Area cladogram based on the relationship of Oligoxysire species. Arrows showing the species that occur at Serra do EspinhaQO.

bees (Zaneila & Martins 2003). This sympatric occurrence of

O. caatinga and O. rufoniger suggests that either species might

have dispersed after its origin.

The Serra do Espinhago (Fig. 8) plays an important role on

the distribution patterns found for the genus Oligoxysire. This

mountain range represents the longest pre-Cambrian orogenic

belt of Brazilian territory, extending for approximately

1200 km (Almeida-Abreu & Renger 2002). It is composed of

a series of hills and tablelands, varying between 900-2000 m
a.s.l., in the countryside of the states of Minas Gerais and

Bahia. It separates three major river basins (Bacia do Rio Sao

Francisco, Rio Jequitinhonha, and Rio Doce), and it also

represents the limit for the three major biomes in Brazil

(Caatinga, Cerrado and Atlantic Forest). Recent studies have

shown a considerable degree of endemism for plants (Costa et

al. 2008; Viana & Filgueiras 2008; Versieux 2008; Zappi &
Taylor 2008; Dutra et al. 2008) and animals (Leite et al. 2008;

Vasconcelos et al. 2008). According to the geographic

distribution shown on the map (Fig. 8), O. diamantinensis

represents an endemic species of Serra do Espinhago, with

records from the cities of Diamantina, Sao Gongalo do Rio

Preto, and Grao Mogol, all in the state of Minas Gerais.

Depending on the side and latitude of Serra do Espinhago, the

biota is influenced by one of the three biomes. Serra do
Espinhago shows the highest diversity of species for the genus

Oligoxysire, with four species recorded for its domain (O.

caatinga, O. rufoniger, O. diamantinensis, and O. mineirum).

Each of these species seems to be typical of different biomes,

and they all occur at Serra do Espinhago due to the distinct

influence that this region receives from the three biomes. Three

species occur sympatrically in Diamantina, Minas Gerais: O.

rufoniger (typical of Caatinga), O. diamantinensis (endemic at

Serra do Espinhago) and O. mineirum (from Atlantic Forest).

It is possible that the sympatric area extends to northward

regions of Serra do Espinhago, considering that there is a gap
of records in the northern region of the state of Minas Gerais.

It is important to note that the origin of this mountain range

did not represent a vicariant event, since it dates from the

Mesoproterozoic (Almeida-Abreu & Renger 2002), more than

1 billion years ago when there are no fossil records of animals.

According to the Diversity Atlas of Minas Gerais (Drum-

mond et al. 2005), different spots at Serra do Espinhago are

considered of great relevance for scientific studies and

conservation action. The results presented herein reinforce

the need for more diversity studies at Serra do Espinhago,

especially those of invertebrate fauna, for which there is still

very little information. New data show that for mygalomorph
spiders Serra do Espinhago promises considerable diversity,

including three species of the genus Tmesiphantes (Therapho-

sinae) and five species of Actinopus (Actinopodidae) (pers.

obs.). The accumulation of diversity studies involving species

that occur at Serra do Espinhago will shed light on the

biogeographical relevance of this region.
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Morphological organization of the male palpal organ in Australian ground spiders of the genera

Anzacia, Intruda, Zelanda, and Encoptarthria (Araneae: Gnaphosidae)
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Abstract. Detailed morphologies of the male copulatory organs of the Australian genera Anzacia, Intnula, Encoptarthria

and Zelanda and the Holarctic genus Drassodes are presented. The homology of several palpal elements within the family

Gnaphosidae is established. The possible homology of these structures with those in other spider families is discussed. The

ground plan of the gnaphosoid genital bulb is compared with the bulb of other Entelegynae genera. Australasian spider

genera have a peculiar organization of the male palpal organs. Thus, the Holarctic genus Drassodes was also analyzed for

comparison. The analysis of the male copulatory organs is presented and its implication for classification of these groups is

discussed. The taxonomic changes we make here are the transfer of four species from the genus Megainyrmaekion to genus

Encoptarthria: E. echemophthalma (Simon 1908), E. penicillata (Simon 1908), E. perpusilla (Simon 1908), and E. vestigator

(Simon 1908). One species is transferred from genus Echemus to genus Encoptarthria: E. grisea (L. Koch 1873). New
synonymy established: Encoptarthria echemophthalmum (Simon 1908) = Encoptarthria serventyi Main 1954, syn. n.

Keywords: Taxonomic changes, Drassodes, Megamyrmaekion, Encoptarthria serventyi

The copulatory organs of male spiders are unique in the

animal kingdom. They do not have a direct connection with

the testes and are located at the distal segment of the male

pedipalps. The internal sexual organs, the testes, lie as paired

structures inside the abdomen (Foelix 1996). Sperm is released

through the ventral genital opening of the deferential ducts in

the epigastric furrow. The male exudes the sperm through this

opening onto a special sperm web. From here, it is collected

into the fundus of the copulatory organ (Foelix 1996). The
sperm duct is a long, coiled tube that folds into a complex

morphological structure, the genital bulb. The genital bulb is

composed of inflatable membranes (hematodochae) and a set

of sclerites (subtegulum, tegulum, and embolus). Usually it

also bears additional accessory structures: projections and

apophyses.

During copulation, the male transfers seminal fluid via the

embolus into the female copulatory duct. It is widely accepted

that the male palp fits specifically into the female epigynum of

conspecifics. This assumption underlies the importance of

male and female genitalia in species identification, since it was
first used for this purpose (Westring 1861; Menge 1843, 1866;

Wagner 1887; Comstock 1910, 1920). Every article or mono-
graph on ground spider taxonomy includes illustrations of male

and female copulatory organs. The structure of the genital bulb

has been analyzed for some groups of gnaphosids (Miller 1967;

Platnick & Shadab 1983), and some primary homologous
structures have been established. Senglet (2004) made a detailed

analysis of the basic ground plan of the palp of zelotines. Our
recent study of the Australian genus Encoptarthria Main 1954

shows that the bulb of these spiders is significantly more
complex than in other gnaphosids. The embolar part of the bulb

of Encoptarthria has a set of structures that are lacking in other

ground spiders. However, these structures play an important

role in Encoptarthria species identification. Observation of other

' Corresponding author. E-mail: vio@hostos.cuny.edu

encoptarthrein spiders shows that they have a remarkably

complex palp organization and many structures that require

standardized labeling. The most characteristic part of these

spiders’ male bulb is the apical division. This part of the male

bulb is especially complex and has sclerites that are lacking in the

bulbs of other gnaphosids. It is, therefore, necessary to examine

and label the male copulatory organs to understand homolo-

gous structures and, hence, relations of the genus Encoptarthria

with other ground spiders.

METHODS
Genital bulbs of the following species were studied: Anzacia

gemmea (Dalmas 1919) [New Zealand: Kaikoura, January

1961, collector unknown; Zoology Department, University of

Canterbury]; Drassodes lapidosus (Walckenaer 1802) [Azer-

baidjan: Pirkulinskey Natural Reserve, elev. 1300 m, 31 May
1984, coll. D. Logunov; V. Ovtcharenko collection]; Encoptar-

thria echemophthalma (Simon 1908) [Western Australia: Jand-

kot Airport, 32°05'31"S, 115°52'28"E, wet pitfalls, 1 Septem-

ber-4 November 1994, coll. J.M. Waldock, A.F. Longbottom;

Western Australian Museum, T5051 1]; Encoptarthria grisea (L.

Koch 1873) [Tasmania: Lutana Risdon Rise, 5 May 1929, coll.

V.V. Hickman; Australian Museum, KS 32434]; Encoptarthria

penicillata (Simon 1908) [Western Australia: Goldfields Survey,

Yundamindra, 29°23'S, 122°28'E, mulga/shrubs, July 1981,

coll. W. F. Humphreys et al.; Western Australian Museum,
T50280]; Intruda signata (Hogg 1900) [New Zealand: Titirangi,

January 1965; Australian Museum, KS 3161 1]; Zelanda erebus

(L. Koch 1873) [New Zealand: Christchurch, September 1989,

collector unknown, Florida State Collection of Arthropods].

Taxonomical changes.—Our research of Australian Gnapho-
sidae (manuscript in preparation) shows that some taxa are

misplaced. Based on the structure of the copulatory organs,

shape and position of the eyes and structure of the spinnerets,

four species are transferred from the genus Megamyrmaekion
Reuss 1834 to the genus Encoptarthria: E. echemophthalma

327
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Figure 1 .—Drassodus lapidosus, left palp, lateral view. BH - basal hematodocha; Cy - cymbium; E - embolus; ED - ejaculatory duct; MA -

median apophysis; MH - median hematodocha; Pet - petioles; RTA - retrolateral tibial apophysis; SD - sperm duct; St - subtegulum;

T - tegulum.

(Simon 1908), E. penicillata (Simon 1908), E. perpusiila (Simon

1908), and E. vestigaior (Simon 1908), and one species is

transferred from the genus Echemus Simon 1878 to the genus

Encoptarthria: Encoptarthria grisea (L. Koch 1873). One name
is synonymized: Encoptarthria echemopkthalmum (Simon 1908)

= Encoptarthria serventyi Main 1954, syn. n.

Expansion of genital bulbs.—The left palps were detached

and submerged overnight in a weak, watery solution of

potassium hydroxide (KOH) at room temperature. This

allowed the bulb to expand. The bulb was then transferred to

distilled water, where expansion continued. All bulb dissections

were preserved in 15% alcohol. Illustrations were made with the

aid of a dissecting microscope (Nikon SMZ-U). Drawings were

scanned and corrected using Photoshop software.

Homology.—To determine the homologous structures of the

bulb, we used the following classical and widely applied

criteria: 1) structure position; 2) morphological similarity with
S

other known structures and 3) correspondence of the structure

with other characters (Remane 1952; Patterson 1982; Sierwald i

1990; Coddiegton 1990).

Terminology.—It is generally accepted that the tripartite
’

genital bulb in male spiders is plesiomorphic (Platnick &
j

Gertsch 1976; Kraus 1978; Haupt 1983; Sierwald 1990). The

present study supports the conclusion that large sclerites
'

(subtegulum and tegulum) are homologous in all spiders.
;

These sclerites are organized around the opening on one side

and are blindly closed on the other side tube that serves as a
j:

temporary sperm reservoir. Before mating, males fill their i

palps with sperm, and sperm is stored there until mating
j

occurs. The tube has an enlarged, closed end (the fundus), a r

long coiled tube (the sperm duct), and a narrow tube with an jl

opening at the end (ejaculatory duct). The ejaculatory duct has
|
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Figure 2.

—

Intmda signata, left palp. a. Ventral view; b. Dorsal view. BH - basal hematodocha; Co - conductor; Cy - cymbium; E - embolus;

ED - ejaculatory duct; MA - median apophysis; MH - median hematodocha; Pet - petioles; PP - pars pendulum of embolus; RTA - retrolateral

tibial apophysis; SD - sperm duct; St - subtegulum; T - tegulum; Tr - truncus of embolus.

an opening from which sperm is ejected into the female

receptaculum seminis during copulation.

The sperm duct begins at the fundus and, in this study al!

structures that occupy a nearby position are considered

proximal. All structures that are near the ejaculatory duct

are considered distal. Structures near the alveolus of the

cymbium in the unexpanded bulb are dorsal. Parts that occupy

a ventral position are usually easily visible on the ventral side

of the unexpanded bulb.

The median apophysis and conductor refer to the tegular

apophyses. The conductor is an inflatable membranous pro-

jection on the upper surface of the first half of the tegulum. It

is an outgrowth of the membranous walls of the tegulum. The
tip of the conductor locates close to the embolus. The median

apophysis is a heavily sclerotized structure that occupies a

position distal from the conductor on the tegulum. It is

connected to the tegulum via an inflatable membrane and is

not directly associated with the embolus.

The term distal sclerotized tube was introduced by Sierwald

(1990), who gave this name for the identification of a tubular

sclerotized structure that occupies the position between the

tegulum and embolus and is connected to both structures by

inflatable membranes. The distal sclerotized tube is a part of

the apical bulb division. The apical bulb division is identified

by the constriction of the sperm duct and its transformation

into a narrow ejaculatory duct. This constriction of the sperm

duct into the ejaculatory duct on the border between the distal

part of tegulum and distal sclerotized tube is associated with

the apical (embolar) bulb division. Sierwald’s (1990) observa-

tions of the distal sclerotized tube was carried out on

pisaurids. We use the distal sclerotized tube term here in the

description of the gnaphosid’s male bulb. However, the similar

position and morphology of these sclerites in pisaurid and

gnaphosid spiders does not imply their homology.

The distal apophysis is anchored via a membranous con-

nection to the tegulum and simultaneously to the distal

sclerotized tube. Thus, it attaches to both the middle and apical

divisions of the genital bulb. The terminal and subterminal

apophyses are structures of the apical division of the bulb. It is

not clear whether these structures are homologous among
gnaphosid spiders.

Senglet (2004) made a detailed study of the male palps of the

genera Zelotes Gistel 1848, Drassyllus Chamberlin 1922 and

Trachyzelotes Lohmander 1944. However, his usage of the

various terms in some cases is questionable. Therefore,

authors typically follow Sierwald’s ( 1990) approach in labeling

palp structures. Sierwald (1990) deliberately analyzed terms

used in describing the male palps of pisaurid spiders. Her
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Figure 3.

—

Anzacia gemmea, left palp. a. Lateral view; b. Retrolateral view. BH - basal hematodocha; Co - conductor; Cy - cymbium; E -

embolus; FSD - fundus of sperm duct; MA - median apophysis; MH - median hematodocha; Pet - petioles; RTA - retrolateral tibial apophysis;

SD - sperm duct; St - subtegulum; T - tegulum.

analysis is consistent, systemic and leans on the classical

definition of homology (Remane 1952; Patterson 1982).

Abbreviations used.—BH - basal hematodocha; Co -

conductor, Cy - cymbium, DA - Distal apophysis, DCL -

distal conductor lobe, DST - distal sclerotized tube, DTM -

distal tubular membrane, DTP - distal tegular projection, E -

embolus, ED - ejaculatory duct, F - fulcrum, FSD - fundus of

sperm duct, LA - lateral apophysis, LSA - lateral subterminal

apophysis, MA - median apophysis, MCL - median

conductor lobe, MH - median hematodocha, PCL - proximal

conductor lobe. Pet - petioles, RTA - retrolateral tibial

apophysis, SD - sperm duct, St - subtegulum, STA -

subterminal apophysis, T - tegulum, TA - terminal apophysis,

TM - terminal membrane.

RESULTS

Drassodes lapidosus (Walckenaer 1802) (Fig. 1) has a small

and simple sharply pointed retrolateral tibial apophysis. The
basal and median hematodochae are well developed and are

clearly visible in an expanded palp. The subtegulum and

tegulum are open spirals, not a closed ring, with a single loop.

The conductor is a small membrane, weakly developed. The
median apophysis has a heavily sclerotized tip in the shape of

an eagle’s beak and sits on the inflatable membrane. The
apical division of the bulb has only the embolus. The embolus

is comparatively short and barb-like. It is firmly and broadly

attached to the distal part of the tegulum. The embolus of

Drassodes appears to consist of only the truncus. The pars

pendula is not developed.

Intruda signata (Hogg 1900) (Fig. 2) also has a small and

simple-shaped retrolateral tibial apophysis. The basal and

median hematodochae are visible and well developed. The

subtegulum and tegulum are open spirals with a single loop.

The conductor is well developed, with a membranous base and

partially sclerotized tip that is divided into two lobes at the

top. The embolus is a big strong spine, slightly curved. Walls

of the convex side of embolus are heavily sclerotized and

called the truncus. The concave side of the embolus is covered

by an expandable membrane called the pars pendulum. The

tip of the embolus in an unexpanded bulb rests in a groove

between two lobes of the conductor. The median apophysis,

which in all gnaphosid spiders is distal to the conductor on the

tegulum, is a strong sclerotized hook that rests on an inflatable

membranous base.

In general, the bulb construction of Intruda signata is very

similar with that of Drassodes lapidosus. The difference

between these two bulb types is the more complicated con-

struction of the conductor and embolus in Intruda signata.

Anzacia gemmea (Dalmas 1919) (Fig. 3) has a palp similar

to those of Drassodes and Intruda. It consists of the basal and

median hematodochae, and the subtegulum and tegulum

sclerites. The tegulum is armored with the conductor and

median apophysis. The embolus, as in the two species above, is

fused with the tegulum and immovable. The most specific

characteristic of the male Anzacia palp is the special shape of

conductor. It is a sclerotized structure subdivided into three

lobes, which gives it the appearance of a cloverleaf
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Figure 4 .—Zelanda erebus, left palp. a. Lateral view; b. Retrolateral view; c. Dorsal view. BH - basal hematodocha; Co - conductor; Cy -

cymbium; DTM - distal tubular membrane; E - embolus; ED - ejaculatory duct; MA - median apophysis; MH - median hematodocha; Pet -

petioles; PP - pars pendulum of embolus; RTA - retrolateral tibial apophysis; St - subtegulum; STA - subterminal apophysis; T - tegulum; TA -

ll terminal apophysis; TM - terminal membrane; Tr - truncus of embolus.

Zelanda erebus (L. Koch 1873) (Fig. 4) has a retrolateral

tibial apophysis that is a simple hooked structure. The basal and

median hematodochae are well developed. The subtegulum and

tegulum are open spirals with a single loop. The distal portion

of the tegulum overlaps slightly with the proximal part and

creates a weakly pronounced distal tegular projection. The

median apophysis is a strong, well-developed hook-shaped

sclerite. It rests on a membranous structure, which is a

projection of the membranous wall of the tegulum. The
conductor is an inflatable membrane, the tip of which is closely

associated with a comparatively short, boat-like shaped,

laminar embolus. Next to the embolus, there is a spoon-shaped

terminal apophysis and a ventrally grooved subterminal apo-

physis. The distal part of the embolus bears a membrane that is

associated with the embolus. Very probably, this membrane
plays a supporting role during copulation. Comstock (1910,

1920) called this structure the “distal hematodocha.” However,

because his use of the term sometimes referred to the membrane
between the middle and apical divisions of the bulb and in other

cases referred to part of the apical division only (Comstock

1910, 1920), we avoid using this term. Instead, the extreme

distal position of the membrane and its definite association with

the tip of embolus suggests a more suitable terminology of

“terminal membrane”.

The retrolateral tibial apophysis of Encoptarthria eche-

mophthalma (Simon 1908) (Fig. 5) has a very complex and

variable shape and may be used for species identification. It is

almost as long as the cymbium and has a sharp tip. The RTA
is covered by massive heavily sclerotized dents that vary in

number. The RTA lies in the groove on the dorsal side of the

cymbium. The dents of the RTA cling to the brim of the dorsal

cymbium’s groove. This unique connection between the tibia

and cymbium suggests that the RTA acts as an internal

locking mechanism designed to prevent free rotation of the

cymbium during copulation, similar to that observed in

Theridiidae and Linyphiidae by Heimer (1982) and in

Dolomedes tenebrosus Hentz 1844 by Sierwald & Coddington

(1988). The basal and median hematodochae are well de-

veloped as in the previous species. The conductor is a mem-
branous inflatable sack. The median apophysis is a compar-

atively big hook with a dent on its concave side. The tegulum

is a single coiled spiral sclerite. Its distal end overlaps with

its proximal part and creates a very distinct distal tegular

projection that forms a characteristic hump on the unex-

panded bulb. The organization of the apical division of the

bulb is significantly more complex than in all the previously

studied spiders. It consists of a distal sclerotized tube, embolus

and group of accessory sclerites. The distal sclerotized tube is a

massive, heavily sclerotized tubular structure that is connected

v/ith the distal end of the tegulum through the distal tubular

membrane. At the border between the tegulum and the distal

sclerotized tube, the sperm duct is significantly narrower and

transforms into the ejaculatory duct. The ejaculatory duct

passes through the distal tubular membrane to the distal

sclerotized tube and extends from here into the embolus. On
the lateral side of the distal sclerotized tube is the lateral

subterminal apophysis, and on its tip is the terminal

apophysis. The fulcrum is a moveable structure that is

partially membranous and partially sclerotized. It rests on

the very tip of the apical division of the bulb that encloses

some of the proximal part of the embolus. It very likely acts as

a protective sheath.
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DST

Figure 5.

—

Encoptarthria echemophthalma, left palp. a. Lateral view; b. Retrolaterai view. BH - basal hematodocha; Co - conductor; Cy -

cymbium; DTP - distal tegular projection; DST - distal sclerotized tube; E - embolus; ED - ejaculatory duct; F - fulcrum; FSD - fundus of

sperm duct; MA - median apophysis; MH - median hematodocha; Pet - petioles; RTA - retrolaterai tibia! apophysis; SD - sperm duct; St -

subtegulum; TA - terminal apophysis; T - tegulum; TM - terminal membrane.

The copulatory organs of Encoptarthria echemophthalma

are significantly more complex than the males of other species.

Their most important characteristics are: 1) increased com-

plexity in the apical division of the bulb, with a distal

sclerotized tube, lateral subterminal and terminal apophysises,

and a fulcrum; and 2) a well-developed, species-specific

retrolaterai tibial apophysis.

Encoptarthria grisea (L. Koch 1873) (Fig. 6) has basic

characteristics similar to E. echemophthalma. Its RTA is

species-specific and may be used for identification of this spider.

The conductor is a broad spoon-shaped inflatable membrane.
The median apophysis is long and heavily sclerotized, with a

curved and sharp hook at the tip. The apical division of E. grisea

has the same structures as E. echemophthalma. The distal

sclerotized tube, embolus, subterminal and terminal apophy-

sises are present. The fulcrum of E. grisea is even more complex

than that of E. echemophthalma. It consists of a set of small

sclerites and inflatable membranes. Besides these structures, we
have found an additional sclerotized apophysis on the border

between the distal sclerotized tube and the tegulum. The sclerite

that has a similar position and attachment to other bulb

structures in pisaurids Sierwald (1990) is called the “distal

apophysis”. Authors think that it is reasonable to use this term

in describing similar structures in gnaphosid spiders. However,

usage of this term does not suppose the homology between them
in pisaurid and gnaphosid spiders.

Encoptarthria penicillata (Simon 1908) (Fig. 7). Figure 7 ;

illustrates the most important bulb structures of E. penicillata. f

The distal apophysis in these spiders is a broad scale-like i

transparent sclerite at the base of the distal sclerotized tube. It I

attaches to the tegulum and distal sclerotized tube. This
,

particular sclerite position was considered the distal apophysis
;

by Sierwald (1990). It is difficult to determine whether this -

structure is homologous to the sclerites in the same position of
;

pisaurid spiders. The apical division of the bulb bears

subterminal dentate and spoon-shaped terminal apophyses. :

The embolus is closely associated v/ith the fulcrum, which

supports the tip of the embolus.

DISCUSSION

Analysis of the species mentioned above provides the

opportunity to reconstruct the basic ground plan of the

spiders studied (Fig. 8) and helps us to draw conclusions

about the general organization of the male palps of gnaphosid
"

spiders. As seen in Fig. 8, the ground plan of the gnaphosid

palp is tripartite, including three basic sclerites: the subtegu-

lum, tegulum and embolus, bound together by inflatable '

membranes. The membrane that attaches the subtegulum to '

the alveolus of the cymbium is a basal hematodocha. The
,

mediae hematodocha binds the subtegulum and the tegulum. <

As indicated above, the use of the term distal hematodocha

(Comstock 1910, 1920) is avoided because its description and
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Figure 6.

—

Encoptarthria grisea, left palp. a. Lateral view; b. Ventral view. BH - basal hematodocha; Co - conductor; Cy - cymbium; DA -

distal apophysis; E - embolus; F - fulcrum; MA - median apophysis; RTA - retrolateral tibial apophysis; St - subtegulum; T - tegulum; TA -

terminal apophysis.

position in the bulb is not clearly identified. Thus, in one

case, Comstock identifies the distal haematodocha as an

expandable membrane that forms a wall on one side with the

radix and stipes on the other side (Comstock 1920:177). In

other species its position is between the distal end of the stipes

and the embolus and the terminal apophysis (Comstock

1920:179), or between the terminal apophysis and median
subterminal apophysis (Comstock 1920:181). Instead, we
propose the term “distal tubular membrane” (DTM) to refer

to the membrane that connects the distal part of the tegulum

with the proximal end of the distal sclerotized tube or

embolus and the term “terminal membrane” (TM) to refer to

the inflatable membrane associated with embolus. Senglet

(2004) uses ‘embolar hematodocha’ to describe the structures of

the male bulbs of Zelotes, Drassyllus, and Trachyzelotes. This

embolar hematodocha corresponds to the terminal membrane
of Zelanda and Encoptarthria. Murphy (2007) assigned Zelotes,

Drassyllus, and Trachyzelotes to the Zelotes group, whereas

Zelanda and Encoptarthria belong to the Echemus group.

Homology between the embolar hematodocha and terminal

membrane is questionable and needs further study.

Comparative analysis of palps shows that bulbs of

Encoptarthria males differ significantly from other gnaphosid

spiders by the complex organization of their apical division.

Beside the distal sclerotized tube, they also have a prominent

distal apophysis. These are also closely related to the embolus

terminal apophysis, fulcrum and terminal membrane. The

latter structure was observed only in the sister group Zelanda.

However, the palp of Zelanda has a much simpler organiza-

tion in general. The terminal apophysis and terminal

membrane (or terminal hematodocha) were also observed in

Zelotes (Senglet 2004). The most simply organized gnaphosid

palps are those of Drassodes and Intruda. Their organization is

based completely on the tripartite structure: the subtegulum,

tegulum and embolus, which are supported by the conductor

and median apophysis. There are no additional visible

structures in the palps of these spiders.

The available material on palp ontogeny is scarce and

describes only the development of the Salticidae (Wagner

1886; Barrows 1925; Harm 1934), Agelenidae (Szombathy

1915), Theridiidae (Barrows 1925; Bhatnagar & Rempel

1962), Lycosidae (Barrows 1925; Sadana 1971), Linyphiidae

(Gassmann 1925) and Segestriidae (Harm 1931). There are

no data on male palpus ontogeny in gnaphosoid spiders.

However, some general conclusions may be cautiously applied

to gnaphosoid spiders as well. As studies show, the male

genital bulb originates from the male palp claw fundament,

which is responsible for the development of the dorsal claw
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Figure 7 .—Encoptarthria penicillata, left palp. a. Apical division of the bulb; b. Middle and apical bulb division. Co - conductor; DA - distal

apophysis; DST - distal sclerotized tube; DTM - distal tubular membrane; DTP - distal tegular projection; E - embolus; F - fulcrum; MA -

median apophysis; PP - pars pendulum of embolus; STA - subterminal apophysis; T - tegulum; TA - terminal apophysis; Tr - truncus

of embolus.

extensor and the ventral flexor tendon. At a very early stage,

the cell mass of the claw fundament divides into dorsal and

ventral parts. The ventral part forms the basal, middle and

apical divisions of the bulb, including the sperm duct. The
dorsal part gives rise to the conductor and the median

apophysis. The ventral cellular mass divides two times. At the

first division, the apical division of the palp (embolus) is

separated from the still undivided basal and middle divisions.

The separation of basal and middle divisions (subtegulum and

tegulum) occurs later in ontogeny. There is a strong

relationship between the subdivision of the sperm duct and

the major sclerites of the bulb. The fundus occupies the

position inside the subtegulum. The sperm duct sensu stricto

extends through the tegulum. The ejaculatory duct begins as a

constriction of the sperm duct on the border between the

tegulum (middle bulb division) and apical bulb division and

opens at the embolar tip (Fig. 8). On the border between the

middle and apical parts of the bulb, the sperm duct narrows

into an ejaculatory duct. Thus, this constriction can be used as

a criterion for separation of the structures of the middle and

apical parts. According to this criterion, the distal sclerotized

tube is a part of the apical division of the bulb, because it lies

distal to this constriction. If the tripartite genital bulb in male

spiders is a plesiomorphic character (Platnick & Gertsch 1976;

Kraus 1978; Haupt 1983; Coddington 1990; Sierwald 1990),

then the large sclerites (subtegulum, tegulum and embolus) of

all Entelegynae are homologous. In this case, the palp

structure of Zelanda is the most basal and is structurally

similar to that of the common ancestor. Its basic character-

istics are a tripartite bulb divided on the subtegulum, tegulum,

and embolus and flexibly jointed by inflatable membranes

(basal hematodocha, middle hematodocha, and distal tubular

membrane). Bulbs of other spiders are derived from this

“simple” form. Encoptarthria has a more complex organiza-

tion of the embolar part than that of Zelanda. The same

tendency of increasing bulb complexity was observed in genera

Zeiotes, Drassyllus and Trachyzeiotes (Miller 1967; Platnick &
Shadab 1983; Senglet 2004). All these spiders have an apical

division of the bulb that is subdivided into the distal

sclerotized tube and the embolus itself. In Zeiotes Platnick &
Shadab (1983) described an intercalated sclerite, which

according to our study most likely corresponds to the distal
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Zelanda male palpus ground plan

Figure 8.—Ground plan of gnaphosid male palp. BH - basal hematodocha; Co - conductor; Cy - cymbium; DA - distal apophysis; DST -

distal sclerotized tube; DTM - distal tubular membrane; DTP - distal tegular projection; E - embolus; ED - ejaculatory duct; FSD - fundus of

sperm duct; MA - median apophysis; MH - median hematodocha; Pet - petioles; SD - sperm duct; St - subtegulum; STA - subterminal

apophysis; T - tegulum; TA - terminal apophysis.

sclerotized tube of Encoptarthria. Both the intercalated sclerite

of Zelotes and the distal sclerotized tube in Encoptarthria are

movably connected on one side with the tegulum and on the

other side with the embolus. The apical part of the bulb of

these spiders also has additional sclerites, such as the sub-

terminal, terminal apophyses and the fulcrum. On the other

hand, the male bulbs of Anzacia, Drassodes and Intruda are

more simply organized than those of Zelanda, Zelotes, and

Encoptarthria. The proximal side of the embolus in Anzacia,

Drassodes and Intruda is fused with the distal end of the

tegulum. Thus, the embolus in these species is firmly attached

to the tegulum, and the distal tubular membrane is absent.

The goal of the present study is to analyze and label the

structures of the male genital bulb of Encoptarthria spiders as

well as the male genital bulbs of the Australian genera

Anzacia, Intruda, and Zelanda. The material studied is not

sufficient to make evolutionary statements. For a solid

evolutionary analysis, further study of the male bulb of other

gnaphosid genera and closely related groups is required.

Absence of material on gnaphosid palp ontogeny prevents us

from making stronger statements on the homology of some
structures. However, as studies on male bulb development in

other groups show, the cellular mass that gives rise to apical

division separates from the other parts at the first division

(Wagner 1886; Szombathy 1915; Barrows 1925; Gassmann

1925; Harm 1931, 1934; Bhatnagar & Rempel 1962; Sadana

1971). Thus, separation of the embolus from other sclerites

takes place in the earliest stages of male bulb development and

is the plesiomorphic character for the Entelegynae spiders.

In this case, the organization of the tripartite bulb is a

plesiomorphic state of a gnaphosid bulb. The state where the

embolus is firmly attached to the tegulum is most probably a

derived condition of male genital bulb organization. One may
very cautiously conclude that it most likely represents a general

trend in evolution of the male bulb of gnaphosid spiders.
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Abstract. The family Araneidae is the third largest among spiders and the third most studied from a cytogenetical point of

view. In spite of this, only 2% of all araneids have been karyotyped. The majority of araneids analyzed possess 2n = 24

chromosomes in males; however, the study of additional species could reveal unusual karyotype characteristics. Thus, the

aim of this work is to analyze chromosomally, for the first time, six species belonging to three araneid genera from Brazil.

The specimens of Alpaida leucogramnui (White 1841), Alpaida tnmeata (Keyserling 1865), Alpaida veniliae (Keyserling

1865), Parawixia kochi (Taezanowski 1873), ParawLxki velutina (Taezanowski 1878) and Wagneriana sp. were collected in

Barque Nacional de Ilha Grande and in the municipality of Rio Claro. The gonads were treated with colchicine and

hypotonic solution before fixation with Carnoy I solution. The results were 2nS = 24 (IIII+XiXt) in A. leucogramnui and

P. velutina, and 2nS = 22 (10n+XiX2) in A. truncata, A. veniliae, P. kochi and Wagneriana sp. When the chromosomal

morphologies were established, we observed telocentric chromosomes in all specimens save one female specimen of P.

velutina. The univalent sex chromosomes were easily recognized on diplotenes. The unpaired metacentric element found in

one female specimen of P. velutina with 2n = 25 probably arises by centric fusion/fission. Araneidae is a megadiverse family

composed of —3000 species distributed mainly in the tropics; thus the analysis of more species may provide new insights

about orb-weaver chromosome evolution.

Keywords: Sex chromosome system, meiosis, mitosis, chromosome, spider

Despite the fact that the spider family Araneidae Clerck

1757 is the third largest, comprising 3006 species in 168 genera

(Platnick 2011), only 65 species from 20 genera have ever been

cytogenetically characterized (approximately 2% of the total

diversity). Although relatively few araneid species have been

studied, they represent the third most studied family from the

cytogenetical point of view. However, there are many gaps

remaining in our knowledge of this diverse group. Of the 65

species studied, at least 50 show a diploid complement of 2nS
= 24, with 22 autosomal elements and an X

1
X2 sex

chromosome system. The remaining species’ diploid number
varies from 2«c? = 13 to 2nS = 49. Moreover, while the X

1
X2

sex chromosome system is the most common within the

family, the type X occurred with a smaller frequency, and the

X
1
X2X3 and XY types were each observed in only one species.

The chromosomal morphology for most species is classified as

acro/telocentric (summarized in Table 1).

The araneid genera Alpaida O. Pickard-Cambridge 1889,

Parawixia F.O. Pickard-Cambridge 1904, and Wagneriana

F.O. Pickard-Cambridge 1904, represent genera that have

never been cytogenetically evaluated. The genus Alpaida is

limited to Central and South America and comprises 140

species (Platnick 2011). Alpaida leucogramma (White 1841)

and Alpaida veniliae (Keyserling 1865) are distributed from

Panama to Argentina (Platnick 2011). Alpaida truncata

(Keyserling 1865) is found from Mexico to Argentina (Levi

1988; Platnick 2011). The genus Parawixia includes 31 species,

which occur almost exclusively in Central and South America.

Parawixia kochi (Taezanowski 1873) is found from Trinidad

to Brazil and Parawixia velutina (Taezanowski 1878) is

recorded from Colombia to Argentina (Levi 1992; Platnick

2011). The genus Wagneriana comprises 41 species distributed

mainly in Central and South America (Levi 1991; Platnick

2011).

Cytogenetical studies of spiders are scarce, thus hypotheses

regarding chromosomal evolution are difficult to formulate or

test. The aim of this study is to characterize for the first time

the species A. leucogramma, A. truncata, A. veniliae, P. kochi,

P. velutina, and Wagneriana sp. in relation to the diploid

number, chromosomal morphology, and type of sex chromo-

some system. Our study represents the first cytogenetical

characterization of Neotropical araneid species.

METHODS
Spiders were collected in the Parque Nacional de Ilha

Grande, Parana, Brazil, and in the municipality of Rio Claro,

Sao Paulo, Brazil (Table 2), between 2008 and 2009. After the

gonads were dissected, the specimens were deposited in the

arachnological collection of the Instituto Butantan (IBSP,

curator 1. Knysak) in the state of Sao Paulo, Brazil.

Chromosomal preparations and standard staining were

performed according to Araujo et al. (2008). The mitotic and

meiotic cells were photographed using a digital-imaging

capture system coupled to a light microscope, and the

chromosomal morphology was classified according to Levan

et al. (1964).

RESULTS

Alpaida .

—

The analyses of spermatogonial metaphases and

spermatocytes I of A. leucogramma showed 2n^ = 24 =

22-
1-X

1
X2 telocentric chromosomes that decrease gradually in

length (Fig. lA) and 11 autosomal bivalents plus two sex
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Table 2.—List of species cytogenetically analyzed in the present study, with the number of specimens (males and females) studied, number of

cells analyzed (Cells), collecting location and deposit number of the specimens in the arachnological collection of the Instituto Butantan (IBSP).

The number of specimen of P. velutina with 2n = 25 is in bold letters.

Species d $ Cells Collection site IBSP

Alpaida leucogramma 1 30 Campus UNESP (22°23'33.97"S,

47°32'37.39"W), Rio Claro, Sao Paulo,

Brazil

53028

Alpaida truncata 2 - 107 Sao Francisco Island (24°00'32.40"S,

54°09'52.18"W), Parana, Brazil

153928, 151186

Alpaida veniliae 1 1 27 Xambre lake margins (23°52'48.64"S,

54°0T2.25''W), Altonia, Parana, Brazil

145318, 145319

Parawixia kochi 1
- 62 Sao Francisco Island (24°00'32.40"S,

54°09'52.18"W), Parana, Brazil

123695

Parawixia velutina 3 3 348 (224 - 2/7=24

and 26; 124 - 2n=25)

Sao Francisco Island (24°00'32.40''S,

54°09'52.!8"W), Parana, Brazil

123717, 154838, 154847,

154844, 154842,

151176

Wagneriana sp. I 287 Sao Francisco Island (24°00'32.40"S,

54°09'52.18"W), Parana, Brazil

152927

univalents (llII+XiXo) (Fig. 2A). The sex chromosomes Xj

and X2 are the smallest of the complement (Figs. lA, 2A).

Diplotenes of A. truncata (Fig. 2B) and A. veniliae (Fig. 2C)

showed meiotic formulae comprising 10 autosomal bivalents

and two sexual univalents (IOII+X1X2) for both species,

indicating a diploid number of 2nS = 22, composed of 20

autosomes and the X
1
X2 sex chromosomes. In A. truncata the

Xi and X2 sex univalents always appear to be side-by-side

(Fig. 2B). In ail Alpaida studied, the sex chromosomes are

positive heteropycnotic in a number of diplotene nuclei

(Fig. 2A-C). The majority of autosomal bivalents showed

only one terminal chiasm, but bivalents with an interstitial

chiasm also occurred (Fig. 2A-C). A female pachytene cell of

A. veniliae revealed 12 chromosomal bivalents (Fig. 3A),

indicating the occurrence of 2«9 = 24, comprising 20

autosomes and the XjX
1
X2X2 sex chromosome system. The

chromosomal morphology was not established in A. truncata

and A. veniliae, due to the lack of mitotic or metaphase II cells.

Pamwixia.—The observation of spermatogonial diplotenes

of P. kochi and P. velutina showed 10 and 1 1 autosomal

bivalents, respectively (Fig. 2D, E). Both species have two

sexual univalents that always appear side by side and correspond

to the Xi and X2 chromosomes (Fig. 2D, E). Therefore, the

meiotic formula of P. kochi is IOII+X
1
X2 ,

corresponding to a

diploid number of 2«c? = 22. In P. velutina the meiotic formula is

1111+ X
1
X2 ,

indicating a diploid complement of 2nd = 24. This

complement was confirmed by the presence of 2/t? = 26 in

oogonial metaphases of two females of P. velutina (Fig. IB).

Mitotic metaphases of one female specimen of P. velutina

showed an astonishing characteristic; the diploid number is 2«9

= 25, with a large unpaired metacentric chromosome (Fig. 1C),

contrasting with the telocentric elements of the karyotype. In

both analyzed Parawixia species, the autosomal bivalents

showed only one interstitial or terminal chiasm. Differential

pycnosis was not observed in any chromosome of the

complement in Parawixia species (Fig. 2D, E). Only one

metaphase II nucleus was found in P. kochi, showing « = 10

autosomes and no sex chromosomes (Fig. 3B).

Wagnenana .—The analyses of male diplotene cells in

Wagneriana sp. revealed 10 autosomal bivalents and two

it;
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Figures lA-C.—Karyotypes of araneid species. A. Alpaida leucogramma, with 2nd = 24 =22+XiX2 telocentric elements; B. Parawixia

velutina, 2h9 = 26 = 22+X
1
X

1
X2X 2 telocentric chromosomes; C. Parawixia velutina, heterozygote specimen, 2n9 = 25 = 2 I+X

1
X

1
X2X2 ,

with 24

telocentrics and one unpaired metacentric chromosome, probably result of a centric fusion. Scale = 10 pm.
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Figures 2A-F.—Male diplotenes of araneid species. A. Alpaida leucogramma, 1 1 autosomal bivalents plus two sex chromosomes (1 III+X
1
X2);

B, C. Alpaida tnincata and Alpaida veniliae, respectively, lOII+XiXi. D. Parawixia koclii, IOII+X
1
X2 . E. Pamwixia velutina, IIII+X

1
X2 . F.

Wagneriana sp., IOII+X
1
X2 . Arrows indicate interstitial chiasma and arrowheads indicate terminal chiasma. Scale = 10pm.

sexual univalents (IOII+X
1
X2 ) (Fig. 2F), suggesting a diploid

number of 2nd = 22. The autosomal bivalents presented only

one terminal or interstitial chiasma. The sex chromosomes

were positive heteropycnotic in relation to the autosomes and

always appeared closely associated (Fig. 2F). It was not

possible to identify the chromosomal morphology due to the

lack of mitotic metaphases or metaphase II.

DISCUSSION

The acquisition and analysis of cytogenetic data may show
more difficulties than the acquisition of morphological or

molecular data; i.e., the specimens must be kept alive until

dissection and must present cells in division (Araujo et al.

2005). However, molecular sequencing, despite becoming

more accessible, is not available for many researchers out of

the major research centers. Thus, chromosomal data can be

used 1 ) as a complement to molecular/morphological data, 2)

when molecular data are not available, or 3) when
morphological characteristics are not effective for identifying

species (i.e., cryptic species). Moreover, the chromosome
number has already been used in taxonomical descriptions of

spider species (see Maddison 1996). The differences in male

diploid number between A. truncata, A. veniliae {2n = 22),

1 * j
»

A

* Jt

B
Figures 3A-B. -Early and late meiotic stages in araneid spiders.

A. Alpaida veniliae female pachytene with 12 bivalents, indicating 2«9

= 24. B. Parawixia koclii male metaphase II, /! = 10 chromosomes.

Scale = 10 pm.

and A. leucogramma {2n = 24), as well as between P. kochi

(2n = 22) and P. velutina {2n = 24) could be useful as

a cytotaxonomical character, which, together with genital

characteristics, can be used to identify these closely related,

sympatric species.

The 2n^ = 22 diploid number has now been observed for

the first time in Araneidae (see Table 1) for the species A.

truncata, A. veniliae, P. kochi and Wagneriana sp. It is

interesting to note that Levi (1992), in a taxonomic review,

indicated that the genera Parawixia, Alpaida, and Wagneriana

shared (together with Acanthepeira Marx 1883, Wixia O.

Pickard-Cambridge 1882, Eriophora Simon 1864, Verrucosa

McCook 1888 and others) some external morphological

putative synapomorphies (see Levi 1992 for details). The

presence of species with 2n = 22 exclusively in these genera

among araneids could be considered further evidence of their

close relationship. Unfortunately, there is no cytogenetical

data on other closely related genera such as Acanthepeira,

Wixia, Eriophora, Verrucosa and Edricus O. Pickard-Cam-

bridge 1890.

Of the three araneid genera studied here, only Alpaida was

included in the phylogenetic hypothesis of Scharff &
Coddington (1997), whose results do not corroborate the

hypothesis of Levi (1992), since the genera Acanthepeira,

Eriophora and Verrucosa appeared far from Alpaida, that

arises within clade 63, which also includes Bertrana Keyserling

1884, Enacrosoma Mello-Leitao 1932, Eustala Simon 1895,

Wixia and Acacesia Simon 1895 (Scharff & Coddington 1997).

Of these genera, the only one that has a description of

cytogenetical data is Eustala, which possesses the most

common chromosome number in araneids, 2nS = 24 (see

Table 1). Thus, a more extensive cytogenetical study of

Araneidae representatives is necessary in order to understand

the chromosomal evolution process that resulted in the smaller

chromosome number {2n = 22) in Parawixia and Alpaida.

Araneids, in general, have exclusively acro/telocentric

chromosomes (Table 1). Exceptions are 1) two Argiope
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ji Audouin 1826 species with 2nS = 24 biarmed or holocentric

i chromosomes (Amalin 1988; Amalin et al. 1992; Carandang &
Barrion 1994a) and 2) one Larinioides Caporiacco 1934 and

;(
three Neoscona Simon 1864 species that have karyotypes

1 composed of 2nS == 14 chromosomes, with 10 metacentric

!> elements (Hackman 1948; Suzuki 1951b; Amalin et al. 1993).

^

According to Suzuki (1951b), the second case probably was a

' karyotype with 2nS = 24 acro/telocentric chromosomes that

suffered centric fusions to form a karyotype with InS = 14,

I
with 10 metacentrics originated by the fusions of 20 aero/

telocentric elements and 4 non-fusioned acro/telocentrics.

In the Parawixia velutina specimen with 2/j? = 25, the

I metacentric element probably arose through a Robertsonian

fusion (centric fusion), where the centromeric regions of two

acro/telocentric chromosomes fuse to form a single meta/

submetacentric chromosome, generating a heterozygosis

condition. Frequently, chromosomal changes produce repro-

ductive barriers when they cause problems during meiosis in

heterozygotes, leading to reduced fertility, owing to the

formation of a trivalent during meiosis and unbalanced

segregation. However, during meiosis segregation both unbal-

anced and balanced gametes could be formed (Sumner 2003).

In the case of the heterozygote specimen of P. velutina 2«9 =

25, the meiosis can proceed in two ways: 1) generate

unbalanced gametes that are eliminated during gametogenesis,

do not fertilize or produce unviable embryos; or 2) the

fusioned metacentric pairs with their two homologous

telocentrics to form a trivalent and properly generate balanced

gametes, some containing the metacentric and others contain-

ing the two telocentrics. Unfortunately, because the heterozy-

gote individual was a female, it was not possible to observe

meiotic pairing.

Centric fusion is a very common evolutionary change and

has been reported in most groups of organisms (White 1973).

This type of rearrangement, as presently verified in one

specimen of P. velutina with 2n9- = 25, was observed in the

heterozygous condition in one male specimen of the salticid

Evarcha hoyi (Peckham & Peckham 1883) that presents 2nS =

25 (with one unpaired metacentric autosome), contrasting

with the 2nS = 26 (without metacentric autosome) verified in

other specimens in the same study (Maddison 1982). In many
cases, however, the homozygous condition rapidly reached

fixation, with the original telo/acrocentric elements disappear-

ing from the population (White 1973), as seems to be the case

for the previously cited Larinioides and Neoscona species with

2« = 14 described by Hackman (1948), Suzuki (1951b) and

Amalin et al. (1993).

On the other hand, Gasteracantha hasselii C.L. Koch 1837

and Gasteracantha kuhli C.L. Koch 1837 possess 2« = 16

exclusively acro/telocentric chromosomes (Datta & Chatterjee,

1983, 1988). According to Datta & Chatterjee (1988), tandem/

centric fusion followed by pericentric inversion from a

karyotype with 2«c? = 24 acro/telocentric chromosomes is

involved in the origin of the karyotype with 2n = 16; and,

owing to the pericentric inversions, there are no metacentric

chromosomes in the karyotype with 2n = 16, despite the

chromosome number reduction.

In this study we found four species with 2nS = 22,

suggesting that this diploid number could be more common
in araneids than previously thought. This diploid number is

also very frequent in the Theridiidae Sundeval 1833b, another

araneoid family (Araujo et al. 2010). We also show that even

within a genus (i.e., Parawixia and Alpaida), some species are

2nS = 24, while others are 2nS = 22, suggesting that the

rearrangements involved in the conversion from 24 to 22

chromosomes or vice versa are relatively common among
araneoid spiders.

Thus, this study presents cytogenetical data of Neotropical

orb-weavers for the first time. The results were slightly in

disagreement with those recorded for Old World species, and

further studies are required to evaluate whether the observed

pattern persists for other Neotropical species. The cytogenet-

ical characterization of representatives of the genera closely

related to those analyzed in the present study {Parawixia,

Alpaida and Wagneriana), especially Araneines sensu Scharff

& Coddington (1997), and Acanthepeira, Wixia, Eriophora,

Verrucosa and Edricus, as suggested by Levi (1992), is strongly

recommended as they seem to be essential for understanding

chromosome evolution in araneids.
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SHORT COMMUNICATION

Pseudoscorpions (Chelonethi: Neobisiidae) parasitized by mites (Acari: Trombidiidae, Erythraeidae)

Mark L. 1. Judson; Museum national d’Histoire naturelle, Departement Systematique et Evolution, CNRS UMR 7205,

C.P. 53, 57 rue Cuvier, 75005 Paris, France. E-mail: judson@mnhn.fr
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Abstract. Records of mites parasitizing pseudoseorpions are summarized and new host-parasite associations are reported.

I Trombidium brevimanum (Berlese 1910) (Trombidiidae) has been found on Neobisium bernardi hernardi Vachon 1937 in

' France (new country record for T. brevimanum), and T. mediteiraneum on N. carcinoides (Hermann 1804) in Norway (new
‘ country record for T. mediterraneum). These are the first cases in which both the mite and the pseudoscorpion have been

identified. An additional record of Trombidium sp. (probably T. mediterraneum) on Neobisium fuscimammi (C.L. Koch
1843) is given from Poland. A previously unpublished record of a Leptus larva on a pseudoscorpion, possibly belonging to

the genus Neobisium, is noted from France. Parasitism of Roncus luhricus L. Koch 1873 by an unidentified larva of

Parasitengona (probably Trombidiidae) is also noted from Germany. The stylostomes (feeding canals) formed in

pseudoscorpions by trombidiid mites are similar to those produced in other hosts. Scars in the pleurum of the

I

pseudoscorpions are interpreted as the result of attempts at fixation by the mite larvae. Pseudoscorpions appear to

represent alternative hosts for Trombidium larvae, although the successful completion of development has yet to be

j

demonstrated.

I Keywords: Parasitengona, Pseudoscorpiones, host-parasite associations, stylostome

Mites of the group Parasitengona (variously treated as a cohort or

suborder of Actinotrichida) are mostly protelean parasites, in which

the larva is parasitic, whereas the active postlarval stages (deuto-

nymph and adult) are predatory or, rarely, pollinivorous. Except for

Trombiculidae, which parasitize vertebrates, the great majority of

Parasitengona use arthropods as hosts (Wohltmann 2001). In

Trombiculidae (chiggers), Trombidiidae (velvet mites) and Hydrach-

nidia (water mites), feeding occurs via a stylostome—a simple or

branching tube formed within the host tissues by the mite larva

(Wharton 1954; Wohltmann 2001).

Records of parasitism on pseudoscorpions are infrequent in the

literature and in no case have both the host and the parasite been

identified to species. Womersley (1934) described Leptus chelonethus

Womersley 1934 (Erythraeidae) from a single larva parasitizing an

unidentified pseudoscorpion in Australia. Robaux (1974) recorded

Trombidium meyeri (Krausse 1916) (now a synonym of T. rimosum

C.L. Koch 1837: see M^kol 2005) parasitic on a protonymph of an

unidentified species of Neobisium Chamberlin 1930 (locality not

specified, presumably in France), but the identification of the mite is

now considered doubtful (Mq,kol 2005). Weygoldt (1969) found

several individuals of Neobisium muscorum (Leach 1817) [now a

synonym of N. carcinoides (Hermann 1804): see Mahnert 1988]

parasitized by trombidiform mite larvae in Germany. Austin et al.

(1998) refer to a record of 'Trombidium sp.’ on an ‘unidentified

pseudoscorpion’ in Welbourn (1983), but the latter simply lists

Robaux’s (1974) record. Thus, there have been only three published

instances of Parasitengona parasitizing pseudoscorpions. Even if

other examples may have gone unrecorded due to lack of interest, it is

evident that such host-parasite associations are rare. Here we present

new records of mite larvae of the genus Trombidium Fabricius 1775

(Trombidiidae) parasitizing adult pseudoscorpions of the genus

Neobisium Chamberlin 1930 (Neobisiidae) in France, Norway and
Poland. We also provide evidence from indirect sources for the first

record of mite parasitism on a species of Roncus L. Koch 1873

(Neobisiidae) and the first known case of a Leptus species

(Erythraeidae) parasitizing a pseudoscorpion in Europe.

METHODS
Preserved material studied here is deposited in the collections of the

Museum national d’Histoire naturelle, Paris (MNHN) and the

Department of Invertebrate Systematics and Ecology, Wroclaw

University of Environmental and Life Sciences (DISE). Pseudoscor-

•pions were identified in temporary glycerin mounts. The stylostome

and scars of the parasitized Neobisium bernardi Vachon 1937 were

examined by clearing the specimen (after removal of mites and

appendages) for four days in 50% lactic acid at room temperature.

Mites were identified from specimens removed from hosts, cleared in

Nesbitt’s fluid (Nesbitt 1945) and mounted on slides in Swan’s fluid

(Swan 1936).

RESULTS
Trombidium brevimanum on Neobisium hernardi (Figs. 1-3).—An

adult male of Neobisium bernardi bernardi Vachon 1937, collected

from leaf litter at Pause du Saut (42°5r02"N, 0°59'07''E), Ariege,

France, 1-2 June 1991 by J.A. Murphy, was found to be parasitized

by two larvae of Trombidium brevimanum (Berlese 1910) (pseudo-

scorpion in alcohol, MNHN-Ps250.2331.1; larvae on slides, MNHN
Ael 140 and DISE). Thirteen other adults (9 <J, 4 $; Ps250.2331.2-12)

of N. bernardi were collected at the same time, none of which carried

mites.

The mites were attached to the pleural membrane, above coxa II

(Pig. 1) on the right side and above opisthosomal sternite VI on

the left side. The stylostome (a feeding canal formed within the

host tissues) of the engorged mite has the same general form as

that produced by Trombidium larvae in other hosts (Wharton

1954; M^^kol & Wohltmann 2000; Wohltmann 2001; Mohamed &
Hogg 2004), except that the branching is less extensive (perhaps

not yet fully formed). It consists of a tube (ca length 75 pm, diam.

10 pm, wall thickness 3.7 pm) that branches apically (Pig. 3). The
external opening is flanked by a pair of internal marks that form a

crescent-shape (Fig. 3: cr), left by the cheliceral digits (cf. Mqkol
& Wohltmann 2000). No stylostome was found under the
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Figures 1, 2.

—

Neobisium hernardi male parasitized by larvae of Trombidiimi brevimanum. 1. Lateral view showing engorged larva, arrow

indicates position of scars; 2. Scars in opisthosomal pleurum of pseudoscorpion, on left side above sternite VI (anterior end of pseudoscorpion to

left of photograph), caused by unfed mite larva. Abbreviations: pap papillae of pleurum, sc scar.

Neobisium bernardi bernardi seems to be restricted to the Pyrenees,

being recorded from forest litter in the departments of Ariege, Aude,

Hautes Pyrenees and Pyrenees Atlantiques (Heurtault 1986). Two
other subspecies have been described: Neobisium bernardi franzi Beier

1955 from Spain and Portugal, and Neobisium bernardi gennargentui

Callaini 1983, from Sicily. Trombidium brevimanum is a common and

widespread species in Europe (Mqkol 2005), but this is the first time

that it has been recorded from France. Its usual hosts are spiders

(Wohltmann 1999).

Figure 3.—Stylostome of Trombidium brevimanum within prosoma of Neobisium bernardi, lateral view (anterior end of pseudoscorpion to

right). Abbreviations: ca carapace; cII coxa of leg II; cIII coxa of leg III; cr crescent-shaped internal wound; ex external part of stylostome; o

external opening of stylostome; pi pleural membrane; sty! stylostome.

unengorged larva; instead, there were two spots of brown,

darkened tissue below the cuticle (Fig. 2). Such darkened tissue

is typically associated with wound healing in pseudoscorpions (M.

Judson, unpubl. observ.). Another scar was present on the right

side of the opisthosoma, in the pleural membrane below tergite IV

(Fig. 1, arrow). This could represent an aborted attempt at

fixation by the larva before it moved forward to the prosoma.

No darkened tissue was associated with the stylostome formed by

the engorged larva.
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Figures 4, 5.

—

Neobisium carcinoides male parasitized by ten larvae of Trombidium mediterraneum. 4. Dorsal view, showing larvae in various

states of engorgement (to same scale as Fig. 5); 5. Lateral view (after removal of one larva from anterior end of opisthosoma).

Trombidium mediterraneum on Neobisium carcinoides.—An adult

male of Neobisium carcinoides carcinoides (Hermann 1 804), collected

from soil/litter in Almis incana incanalPrunus padiis woodland, Morud
(60°3'37"N, 9°5r34"E), Norway, ca 200 m a.s.l., 6 June 2001, by M.
Gulvik, was parasitized by ten larvae of Trombidium mediterraneum

(Berlese 1910) (pseudoscorpion with 4 attached larvae in alcohol,

MNHN-Acll39; 3 detached larvae in alcohol and 3 larvae on slides,

DISE). All mites were attached to the pleural membrane (4 on left, 6

on right), from the level of coxa II to opisthosomal segment VII

(Figs 4-5). The pseudoscorpion has a significant amount of dirt

adhering to its venter, but it is possible that this is the result of storage

in an unsorted Tullgren extraction. The stylostomes are much longer

and more extensively branched than those seen for T. brevimanum on

N. bernardi, being similar to those illustrated for Trombidium ‘newelli'

(nom. nud.) parasitizing alfalfa weevils (Mohamed & Hogg 2004). A
detailed examination was not carried out because this would require

dissection of the pseudoscorpion and we have preferred to keep this

exceptional specimen intact. As in the previous case, the stylostomes

are colorless and there is no darkening of the surrounding tissues.

Neobisium carcinoides is common and widespread in the western

Palaearctic (Harvey 2009), usually being found in forest litter.

Trombidium mediterraneum has a wide distribution in the western

Palaearctic, but this is the first time it has been recorded from

Norway. Adults of this species have also been found in Norway (J.

Laydanowicz, pers. comm.). The normal hosts are Lepidoptera

(Robaux 1974; Mq^kol 2005).

Trombidium sp. on Neobisium fuscimanum.—An adult female of

Neobisiumfuscimammi (C.L. Koch 1843), from Poland, Lower Silesia,

Rez. Muszkowicki Las Bukowy (Muszkowice Beech Forest nature

reserve; 50°38'28.31"N, 16°56'56.34''E, elev. 258 m), litter, 23 May
1992, leg. B. Pokryszko, was found carried one engorged larva of

Trombidium sp. (pseudoscorpion in MNHN, Ps6 16.0001; mite in

DISE). Unfortunately, the mite was damaged and could not be

identified to species with certainty, but it probably belongs to T.

mediterraneum. It was attached to the pleural membrane of the

prosoma above the posterior margin of coxae 1. The pseudoscorpion

is a relatively old adult, as indicated by extensive wear of the

cheliceral teeth and the large number of broken teeth on the chelal

fingers (19% of all acute teeth). There are also initial signs of internal

fungal growth (filaments penetrating body at the right side of

carapace, left stigmata II and lateral edge of left sternite V).

Nevertheless, the pseudoscorpion has a generally healthy appearance

and is replete, which indicates that it was still active and capable of

feeding when collected.

Neobisium fuscimanum is found in leaf litter in central Europe, the

Balkans, Anatolia and Iran (Harvey 2009).

Unidentified Parasitengona on Roncus luhricus.—During the prep-

aration of this paper we received two short videos by Prof G. Alberti
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of a pseudoscorpion parasitized by a terrestrial Parasitengona larva.

These were collected from leaf litter in the surroundings of

Greifswald, Germany, but unfortunately the specimens are no longer

available for study. Nevertheless, the pseudoscorpion can be

recognized as a species of Ronciis and it can be assumed that it is

R. lubricus L. Koch 1873, since this is the only species of the genus

known from Germany (Harvey 2009). The mite is engorged and

cannot be identified, but its appearance is at least consistent with that

of Trombidiidae. The videos show the parasitized pseudoscorpion

moving normally and feeding on a springtail (Collembola). This is the

first record of parasitism by a mite on a member of the genus Roncus.

Leptiis sp. on unidentified pseudoscorpion.—The catalogue of the

MNHN mite collection lists a slide-mounted larva identified by Marc
Andre as Leptus 'phalcmgif (de Geer 1778) (MNHN-Acl76), labeled

as being from “ObisiuntT’’ collected in moss at an unspecified locality

in France, July 1934, and donated by J. Millot. Unfortunately, this

specimen has been on loan for many years and attempts to obtain its

return have so far been unsuccessful. Although we are unable to

confirm the identification, we consider this record worth mentioning

here because it is the first of Leptus parasitizing a pseudoscorpion in

Europe and only the second of an erythraeid mite on this type of host.

Unless mounted on the same slide, the host has not been deposited in

the MNHN and thus cannot be identified, although it is likely to have

been a species of Neobisiiiin.

DISCUSSION

The rarity of larvae of Trombidhtm and Leptus on pseudoscorpions

suggests that they are not normal hosts. Weygoldt (1969) attempted

to rear larvae of a ‘trombidiform mite’ (possibly Trombidium) found

on Neohisiimi, but this failed due to death of the host. Nevertheless,

several of the mites we examined are engorged and the pseudoscor-

pions have a healthy appearance, so it is likely that some Trombidiwn

species can develop successfully using Neohisium as a host. The low

frequency of parasitism by mites on pseudoscorpions in general might

reflect the fact that the larvae of Parasitengona lie within the normal

size range of prey for a pseudoscorpion and would have difficulty

approaching one without being attacked. The production of silk

molting nests by pseudoscorpions may also reduce levels of

parasitism, because hosts are more vulnerable to attack by parasitic

mites immediately after molting (Wohltmann 2001). Whatever the

reason, it is clear that parasitic mites do not have a significant impact

on pseudoscorpion populations.
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Abstract. New records of parasitic Parasitengona larvae on harvestmen hosts from the Palaearctic region are provided.

Four species of harvestmen have been found to be new hosts of Parasitengona and four species of mites have been recorded

j

as new parasites of Opiliones. The first case of parasitism of Hydrachnidia on harvestmen has been found.

Keywords: Nemastomatidae, Phalangiidae, Erythraeidae, Trombidiidae, Hydryphantidae, parasitic mites

Parasitengona constitute one of the most numerous and diverse

\

groups of mites. There are at least 9000 described (nominal) species

I that represent more than 800 genera, 60 families, and 14 superfam-

ilies. More than half of them, i.e., ca 5000 species, belong to aquatic

' Parasitengona (= Hydrachnidia), the “water mites”. The remaining

! taxa belong to terrestrial Parasitengona (= Trombidia), the “velvet

mites”. The life cycle of Parasitengona consists of seven stages,

j

including three active ones: larva, deutonymph and adult. The egg,

prelarva, protonymph, and tritonymph are inactive. The active

postlarval instars of Parasitengona are predatory and feed on insect

I

eggs, larvae, and pupae as well as on other small arthropods. The

I

heteromorphic larvae (excluding Calyptostomatidae that have ho-

:

meomorphic ones) are parasites, with few exceptions pertaining, e.g.,

to members of Balaustium spp., some Ahwlophus and Allothrombium,

which are known for their predatory life style (Wohltmann 2001;

Wohltmann et al. 2007).

The majority of Trombiculidae larvae are parasites of mammals,
but members of some genera parasitize amphibians, reptilians and

birds. Invertebrates are scarcely reported as hosts for Trombiculidae.

The larvae of remaining terrestrial Parasitengona are parasites on

invertebrates, and Opiliones can be found among the known hosts of

these mites (Welbourn 1983; Wohltmann 2001).

Fifty-seven species of harvestmen have been reported as hosts of

Parasitengona, and 24 species of Parasitengona representing Trom-

I

bidiidae and Erythraeidae have been reported as parasites of

I
harvestmen (Baker & Selden 1997; Beron 2008; Cokendoipher 1993;

I

Cokendoipher & Mitov 2007; Fain & Jocque 1996; Lawrence 1940;

Stasiov 2003; Townsend et al. 2006; Wijnhoven et al. 2009).

Our aim was to summarize new records of harvestmen-associated

Parasitengona from the Palaearctic region. The material was collected

in Poland, Russia and Kazakhstan. Mites were sampled with an

entomological sieve, a sweeping net, pitfall traps or directly from soil,

and then preserved in 70-75% ethyl alcohol. Larvae of mites that

served for light microscope studies were macerated in Nesbitt’s fluid

prior to fixation on slides in Hoyer’s or Swan’s fluid. Mites were

identified under a Nikon Eclipse E600, on the basis of Fain (1991),

!
Fain & Amico (1997), Laydanowicz & M^kol (2010), Southcott

(1992), Tuzovskij (1990), Wohltmann & M^kol (2009) and Wohlt-

mann et al. (2007). Harvestmen were studied under a stereomicro-

scope Olympus SZX-12 and determined using Stargga (1976) and

Gricenko (1979). The mites are deposited at the Department of

Zoology, University of Zielona Gora, Poland, and the Institute of

Biology, Department of Invertebrate Systematics and Ecology,

Wroclaw University of Environmental and Life Sciences, Poland.

The harvestmen are deposited at the Natural History and Humanistic

University, Siedlce, Poland.

Four species of harvestmen were found to be new hosts of

Parasitengona: Nemastoma luguhre, Paranemastoma qiiadripimcta-

liim, Platybwms pallidus, and Phalangiwu gbissaricum (Table 1). The

new records of mites were Leptiis mariae (Erythraeidae) and

AUothrombium meridionale (Trombidiidae). Additionally, a new
species of Leptus sp. nov. has been collected from Mitopiis morio,

Phalangiiim opilio and Lacinius ephippiatiis. The first case of

parasitism of Hydrachnidia on harvestmen has been found - a

juvenile Oligolopims tridens parasitized by water mite larva, Hydry-

phantes ruber (Hydryphantidae). The number of parasites per host

varied from 1 to 24. The maximum intensity of infestation was

observed for Leptus molochinus parasitizing the female of P. opilio.

The records of Parasitengona parasitizing Opiliones in nature are

generally very scarce and new data on Parasitengona of the

Palaearctic region are reported rather sporadically (Baker & Selden

1997; Beron 2008; Cokendoipher 1993; Cokendoipher & Mitov 2007;

Fain & Jocque 1996; Gabrys 1991; Lawrence 1940; Stasiov 2003;

Wijnhoven et al. 2009). Although Wohltmann & M^kol (2009) found

that Opiliones constitute potential hosts of A. meridionale in the

laboratory, our present finding is the first report of such association

found in nature.

Mites of the genus Leptus show the strongest association with

Opiliones of all Parasitengona terrestria, and L. beroni is the most

frequently observed parasite of harvestmen: it was found on 12

species of harvestmen (Cokendoipher 1993; Cokendoipher & Mitov

2007; present paper). Two species of Leptus (L. mariae and L.

molochinus) were found on one P. opilio, indicating that syntopic

occurrence of two species of parasites on one host is possible.

The water mite larva {H. ruber), recorded from Opiliones for the

first time, was attached to a juvenile O. tridens, collected directly from

the wet detritus of periodically flooded shrubs. Infestation of

harvestmen by Hydrachnidia is clearly possible in wet microhabitats.
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Table 1.—Larval Parasitengona (Acari, Actinotrichida) that parasitize harvestmen (Arachnida, Opiliones). New hosts/parasites records are

given in bold. *Larvae underwent further development and metamorphosed into inactive protonymphs. The identification of the parasite is

possible only after reaching the deutonymph instar.

Parasite (larvae) Host (Opiliones) No. of larvae (attachment site)

Trombidia (Erythraeidae)

Leptus heroni Fain 1991 Nemastoma luguhre (O.F. Muller 1776), 1 9 1 (cephalothorax), 2 (legs)

Oligoloplius tridens (C.L. Koch 1836), 2 juv. 6 (legs)

Phalcmgiuni opilio L. 1758, 4 juv., 2 9 9 (legs), 1 (cephalothorax), 3 (detached)

Mitopiis morio (Fabricius 1779), 2 9 2 (legs), 5 (detached)

Platybimus bucephalus (C.L. Koch 1835), 2 J 13 (detached)

Platybunus palUdus Silhavy 1938, 1 9 5 (legs), 7 (detached)

Leptus mariae Haitlinger 1987 Phakmgium opilio L., 1 d, 1 9 2 (legs)

Rilaena triangularis (Herbst 1799), 1 juv. 1 (?)

Leptus molochinus {C.h. Koch 1837) Mitopus morio (Fabricius 1779), 1 J, 1 9 1 (abdomen), 1 (detached)

Phakmgium opilio L., 3 9 26 (?)

Leptus sp. n. Mitopus morio (Fabricius 1779), 1 9 ?

Lacinius epliippiatus (C.L. Koch 1835), 1 9 1 (leg), 1 (detached)

Phakmgium opilio L., 1 S ?

Leptus sp.* Paranemastoma quadripunctatum (Perty 1833), 1 d 7(?)

Trombidia (Trombidiidae)

Allothvomhium meridionale Berlese 1910 Phalangium ghissaricum Gricenko 1976, 1 d, 1 9 3 (legs), 2 (detached), 6 (?)

Hydrachnidia (Hydryphantidae)

Hydvyphantes ruber (De Geer 1778) Oligoloplius tridens (C.L. Koch 1836), 1 juv. 1 (?)

The development of a larva into subsequent life instars (i.e.,

protonymph and deutonymph), observed under laboratory condi-

tions, provides evidence for successful parasitism completed on the

harvestman.

Data on site selectivity within the host body confirm the earlier

information provided by Cokendolpher & Mitov (2007). The majority

of erythraeid and trombidiid larvae parasitizing harvestmen were

attached to the leg segments, whereas attachment to the cephalotho-

rax or abdomen was observed in only a few cases (Table 1).
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New records of spiders (Araneae) as hosts of terrestrial Parasitengona mites (Acari:

Actinotrichida: Prostigmata)

Joanna M^kol and Magdalena Felska; Institute of Biology, Department of Invertebrate Systematics and Ecology,

Wroclaw University of Environmental and Life Sciences, Poland. E-mail: joanna.makol@up.wroc.pl

Abstract. New data are provided on larvae of terrestrial Parasitengona mites parasitizing spiders. Larvae of Erythraeidae

and Trombidiidae are recorded as parasites of spiders representing five families. Members of Philodromidae and

Tetragnathidae (Pachygnatha clercki Sundevall 1823) are reported as hosts of Trombidioidea for the first time. The
available information indicates that some Trombidiidae have a narrow host range with affinity to spiders, whereas the

Erythraeidae are more opportunistic parasites.

Keywords: Acari, parasitic larvae, Araneae

Parasitengona, one of the most diverse groups among Acari,

comprise aquatic (Hydrachnidia) and terrestrial (Trombidia) species.

They are known as protelean parasites, with the vast majority of

larvae parasitic on arthropods or vertebrates and active postlarval

forms being predaceous or pollinivorous (Wohltmann 2000).

Data on host-parasite relationships between spiders and Para-

sitengona mites are scattered in the literature and pertain exclusively

to Trombidia. In many cases the host identification is limited to

higher taxonomic ranks; i.e., order or family. Such identifications

constitute a limiting factor in studies on autecology of parasitic

species. Altogether, larvae of four families, Erythraeidae, Trombidi-

idae, Microtrombidiidae and Eutrombidiidae, including 25 named
species, have been recorded as parasites of 24 named species of spiders

representing 20 families (Oudemans 1897; Welbourn & Young 1988;

Reillo 1989; Southcott 1991, 1999; Fain & Jocque 1996a; Haitlinger

1996; Baker & Selden 1997; Wohltmann 1999). The aim of this work

is to provide a list of new records of larvae of terrestrial

Parasitengona that exploit spiders as hosts.

Spiders were collected in the Czech Republic (Ostrov u Macochy,

by R. Mlejnek), Russia (Novosibirsk Region, by D.V. Logunov),

France (Blois, Loir-et-Cher, by C. Herve) and Poland (Lower Silesia,

by J. Laydanowicz, D. Lupicki and J. Mq_kol). The alcohol-preserved

(70-75% ethanol) mites were fixed on microscope slides in Swan’s

fiuid. Spiders preserved in ethanol were examined for attached

Parasitengona larvae, which were then counted. An examination of

attachment sites of larvae on hosts was carried out when possible.

Engorged larvae were macerated in Nesbitt’s fluid prior to fixation.

Identification was made under a Nikon Eclipse E600 light micro-

scope, on the basis of Southcott (1992), Mq^kol (2005) and

Laydanowicz & Mq^kol (2010). Nomenclature of spiders follows

Platnick (2010). The mites and spiders are deposited at the

Department of Invertebrate Systematics and Ecology, Wroclaw
University of Environmental and Life Sciences, Poland, and in the

collection of the Museum national d’Histoire naturelle, Paris, France.

Larvae of two Parasitengona families, Erythraeidae (two species)

and Trombidiidae (one species), were recorded as parasites of spiders

from five families (Table 1). Ten host records, with specific affiliation

of the spider, are new. Species of Philodromidae and Pachygnatha

clercki have not been previously recorded as hosts of Trombidioidea.

A new host and parasite record applies to Xysticus lanio C.L. Koch

1835 parasitized by Leptus mariae. Tromhidium hreviniamim was

found to parasitize spiders of four families: Theridiidae, Linyphiidae,

Tetragnathidae and Philodromidae. The distribution of L. mariae is

extended for the Czech Republic, and that of T. brevimanum for

Russia and France.

The number of parasites per host varied between one and five. In

the case of Erythraeidae, larvae were attached to the opisthosoma and

legs of the hosts, whereas Trombidiidae were attached to the prosoma

and opisthosoma, with an apparent tendency to occupy places close

to the pedicel. One trombidiid larva was found attached to the leg;

however, due to the unengorged state, the successful parasitism of this

particular specimen cannot be confirmed.

The results of the present studies confirm the opinion of Welbourn

and Young (1988) that larvae of Trombidiidae occur most frequently

on spiders, whereas these of Erythraeidae only seldom parasitize these

hosts. The latter observation contrasts with records concerning

parasitism of Parasitengona on Opiliones (Cokendolpher & Mitov

2007; Gabrys et al. 201 1, this volume), of which erythraeid larvae are

regarded as the most frequent parasites. Also, the larvae of

Microtrombidiidae and Eutrombidiidae have been reported on

spiders only infrequently (Welbourn & Young 1988; Southcott

1994; Fain & Jocque 1996b).

Considering the number of species assigned to Trombidiidae (191),

Microtrombidiidae (320), Eutrombidiidae (ca 50) and Erythraeidae

(ca 300) (Mttkol 2007; Mi^kol & Gabrys 2005, 2008), combined with

the variety of species reported as parasites of spiders, it seems obvious

that more specialized taxa can be recognized in the Trombidiidae

(with respect to parasitism on spiders), than in the Erythraeidae,

which seem to be more opportunistic parasites. For the time being

Tromhidium hrevimanum remains the only species whose larvae

exploit spiders as regular hosts and whose host spectrum seems to

be restricted to arachnids (Wohltmann 1999; Gabrys et al. 2011, this

volume; Judson & Mqkol 2011, this volume).

Leptus mariae, recorded here as a parasite of X. lanio, has hitherto

been known to parasitize members of Coleoptera, Hemiptera and

Lepidoptera (Southcott 1992; Haitlinger 2009). However, it was

recently also found on Opiliones (Gabrys et al. 2011, this volume),

which confirms its wider host spectrum, not being restricted to

Hexapoda.

Association of some other Leptus spp. with particular species of

spiders (Fain & Jocque 1996a; Baker & Selden 1997; Southcott 1999)

suggests a high degree of host specificity. However, this might be due

to the relatively poor knowledge of infraspecific range in variability of

the erythraeid larvae, which could influence the assignment of

independent specific status to nominal taxa known from single

specimens. Further studies, focused especially on biology, may lead to
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Table 1.—List of terrestrial Parasitengona larvae parasitizing Araneae. New hosts of Parasitengona mites and/or parasites of Araneae are

indicated in bold.

Parasitic mite species Spider host Number of larvae (attachment site)

Erythraeidae

Leptus niariae Haitlinger 1987 Xysticus lanio C.L. Koch 1835 (Thomisidae), 1 ind. 2(1- opisthosoma, 1 - legs)

Leptus molochinus (C.L. Koch 1837); syn.

L. ignotus (Oudemans 1903) Tetragnatha sp. (Tetragnathidae), 1 juv. 1 (legs)

Trombidiidae

Trombidium brevimanum (Berlese 1910) Pamsteatoda iimata (Clerck 1757) (Theridiidae), 1 $ 2(1- prosoma, 1 - opisthosoma)

Theridion varians Hahn 1833, 1 ? 1 (opisthosoma)

Bolyphantes alticep.s {Sundevall 1833) (Linyphiidae), 1 ? 1

Diplostyla concolor (Wider 1834), 1 $ 1

Gnathonarium dentatum (Wider 1834), 2 ? 2, 3

Helophora imignh (Blackwall 1841), 1 9, 1 i 1, 1 (opisthosoma)

Oedothomx retmus (Westring 1851), 2 9 2 (opisthosoma), 2

Prinerigone vagam (Audouin 1826), 1 ind. 1 (opisthosoma)

Pachygnatha clercki Sundevall 1 823 2 (opisthosoma), 5 (4 - opisthosoma.

(Tetragnathidae), 2 9 1 - legs)

Tetragnatha montana Simon 1874, 1 9 1 (prosoma)

Tetragnatha sp., 1 juv. 1 (prosoma)

Philodromidae, 1 ind. 1 (prosoma)

the synonymization of species, and as a result, to a better evaluation

of the degree of host specificity in Leptus spp.

The actual degree of infestation of spiders by Parasitengona larvae

is difficult to ascertain. The Parasitengona larvae may detach quickly

from the host as a result of mechanical stimuli during collection.

Welbourn and Young (1988) found that 89% of the linyphiid

Ceraticehis entertoni (O. Pickard-Cambridge 1874) were parasitized

by only one larva of Verdmella lockleii (Welbourn and Young 1988),

but the infestation was up to nine larvae per host. Adult as well as

immature spiders of both sexes were parasitized. Wohltmann (1999)

examined twelve spiders of three species and found four larvae to be

the highest number per host. Taking all published numbers into

i
account, the parasite load per host varies between 1 and 19, although

1 in the majority of cases no more than four larvae were recorded

(Oudemans 1912; Lawrence 1940; Michener 1946; Kawashima 1958;

Parker 1965; Southcott 1966, 1986, 1991, 1994, 1999; Parker &
Roberts 1974; Cokendolpher et al. 1979; Welbourn & Young 1988;

Reillo 1989; Fain 1991; Fain & Jocque 1996b; Haitlinger 1996; Baker

& Selden 1997; Wohltmann 1999; present study).

Only two species of spiders, i.e. Pachygnatha clercki Sundevall 1823

and Nuctenea iimbratica (Clerck 1757), are known to serve as hosts of

two different Parasitengona species (Andre 1931; Parker 1962;

Wohltmann 1999; present study); however, simultaneous parasitism

has not been observed.

Attachment site preferences of parasitic larvae of Parasitengona

may depend on the systematic position of the parasite. Larvae of

Trombidiidae are usually found attached to the prosoma and

opisthosoma of spiders. Similar site selectivity is observed in

Microtrombidiidae and Eutrombidiidae. Welbourn and Young
(1988) found that most eutrombidiid larvae were attached along the

molt sutures of the prosoma of the host. Probably this part of

exoskeleton is more accessible to penetration by the chelicerae of

larvae and allows them to survive there during molting of the host.

Successful attachment to the legs of the host (i.e., leading to

feeding) has only been confirmed for Erythraeidae amongst the

parasitic larvae of terrestrial Parasitengona mites. Differences in site

I selectivity, besides the behavioral background, may result from the

;
specific properties of the gnathosoma (Norton et al. 1988), which in

j

Erythraeidae can be well adapted for penetration of the hard cuticle

I
of the legs.
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Morphological adaptations of Porrhomma spiders (Araneae: Linyphiidae) inhabiting soil
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Abstract. We studied occurrence and morphological adaptations of two species of Porrhomma down to 135 cm soil depth.

Porrhomma microps Simon 1884 inhabited soil layers at depths between 5 and 135 cm. Porrhomma aff. myops was found at

depths of 35-95 cm. Specimens of both species were depigmented and had highly reduced eyes. Compared with the epigean

P. pygmaeum (Blackwall 1834), P. myops, which inhabits scree and caves, exhibits significantly longer legs. We interpret it

as an example of troglomorphism. Compared with the epigean P. pygmaeum, P. aff. myops is found deep in the soil and

exhibits a significantly smaller cephalothorax. We interpret this as edaphomorphism. We assume the edaphomorphic

population of P. aff. myops to be permanent soil dwellers.

Keywords: Araneae, soil profile, troglomorphisms, edaphomorphisms

Spiders inhabit a wide spectrum of underground habitats such as

inner spaces in stony debris, scree layers in slope accumulations,

fissure networks of the bedrock, karst and pseudokarst caves

(Ruzicka 1999; Culver & Pipan 2009; Giachino & Vailati 2010).

Numerous studies have been devoted to the cave arachnofauna (e.g.,

Deeleman-Reinhold 1978; Paquin & Duperre 2009), and some studies

have concerned spiders that inhabit the deep scree layers (Ruzicka et

al. 1995; Ruzicka & Klimes 2005). Other shallow underground

habitats, known as superficial subterranean habitats, have also been

investigated (Pipan et al. 2011; Deltshev et al. 2011). However, spiders

occurring deep in soils have not yet been investigated. It has been

assumed for a long time that spiders are not true soil inhabitants

sensu Dunger (1983). But, very recently we (V. Laska unpublished)

have found spiders deep in soil layers. How are these species adapted

to life in the soil?

Zacharda (1979), studying the morphological adaptations of

rhagidiid mites, distinguished two different classes of adaptations to

life in the underground environment: edaphomorphism covers

adaptations to life in the soil environment; and troglomorphism

covers adaptations to life in the cave environment. Depigmentation,

desclerotization, and the atrophy (even loss) of the eyes are

characteristic for both types of adaptations. The shortening of

appendages as well as shrinking of the body is typical for

edaphomorphic species, whereas the elongation of appendages is

typical for troglomorphic species. Christiansen (1992) surveyed the

studies on troglomorphic species and concluded that the troglo-

morphic features are subject to selection and are therefore adaptive.

The tendency for colonization of shallow and deep subterranean

space is characteristic of numerous species of the genus Porrhomma.
Several species groups within this genus have been recognized. The
microphthalmum group has been newly established, and the European
species were revised by Ruzicka (2009). The pygmaeum group of the

genus Porrhomma was studied by Bourne (1978). We studied

occurrence of two Porrhomma species in the soil by means of

subterranean traps. We then compared their morphology with other

closely related species of the genus in order to identify adaptations for

life in the soil.

We collected spiders at two sites: I) A beech forest (49°50'N,

16°03'E) near Skutec, Eastern Bohemia, where the soil is composed of

a thick layer of leaf litter covering an A-horizon (ca 1 5 cm), passing to

a thick clay soil layer above arenaceous marl bedrock; 2) A floodplain

hardwood forest (49°39'N, 17°1 1'E) dominated by Fraxinus, Quercus

and Tilia on the bank of the Morava River near wet meadow,
Litovelske Pomoravi Protected Landscape Area, Central Moravia.

The soil there is a fluvisoil on gravels. The detritus fermentation layer

is ca 3 cm thick. At both sites spiders were collected using

subterranean traps (Schlick-Steiner & Steiner 2000) consisting of a

set of removable plastic containers (volume of each = 250 ml) on a

central metal axis. The containers were filled with a 4% formaldehyde

solution and emptied at 6-wk intervals. Two traps with 14 containers

were placed in the beech forest on 4 April 2008-20 April 2009; the

deepest sampling depth was 135 cm. One trap with 10 containers was

placed in the floodplain forest on 6 March- 13 November 2008; the

deepest sampling depth was 95 cm.

Material used for comparison came from various sites in the Czech

Republic. Porrhomma myops Simon 1884 was collected in bare screes

at Obfi Zamek Mt., Jezerni Hora Mt., Tyfov, Plesivec Mt., Kamenec
Mt., Bfidlicna Mt., Sut Mt., Kralicky Sneznik Mt., Blansko; and in

cave screes in Katefinska cave, Horni v Chobotu cave and Ledove

Sluje caves. Porrmomma microps (Roewer 1931) was collected in the

soil in the same beech forest as above during our previous study and

in forest litter in Lanzhot. Porrhomma pygmaeum (Blackwall 1834)

was collected in wetlands in Misov, Tfeboh, Suchdol nad Luznici,

Chlum u Tfebone-Lutova, Sedlec, and Milotice.

Specimens were measured using a BX-40 compound microscope.

All measurements are in milimeters. Abbreviations: Cth = cephalo-

thorax, Mt I = metatarsus of the first leg, PME - posterior median

eye. Voucher specimens are deposited in the collection of V. Ruzicka

at the Biology Centre, Ceske Budejovice.

Porrhomma microps occurred at depths of 65-135 cm (mean =

80 cm) in the beech forest, and in the floodplain forest it was found at

depths of 5^5 cm (mean = 20 cm). All specimens were pale with

highly reduced eyes (Table 1). Porrhomma microps is known as an

inhabitant of leaf litter (Buchar & Ruzicka 2002). Specimens from

both microhabitats exhibited similar Mt I/Cth width ratio (/ = 1.2,

df= 33, P = 0.229, Fig. 1).

Porrhomma aff. myops was found at depths of 35-95 cm (mean =

80 cm) in the floodplain forest. It was pale and also had highly

reduced eyes (Table 1). At this locality P. aff. myops was found

significantly deeper in the soil profile than P. microps (t = -4.9, df =

355
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Table 1.—Overview of characteristics for study Porrhomina species. See text for abbreviations. Mean (SD) is given for measurements.

Species Microhabitat

No. of

specimens PME
PME-PME
interdistance Cth width Mt I length

P. microps litter 10 0.035 0.050 0.843 (0.052) 0.973 (0.058)

P. microps soil 25 0.030 0.050 0.861 (0.034) 0.951 (0.043)

P. aff myops soil 8 0.015 0.040 0.574 (0.009) 0.499 (0.012)

P. myops scree 26 0.025 0.045 0.686 (0.031) 0.862 (0.057)

P. pygmaeum soil surface 31 0.050 0.050 0.670 (0.020) 0.562 (0.033)

10, P < 0.001). Additionally, the cephalothorax width of P. aff.

myops was significantly smaller than that of P. microps (t = -22.7,

df= 10, R < 0.001, Table 1).

In comparison with Porrhomma myops, an inhabitant of screes and

caves (Buchar & Ruzicka 2002), the specimens of P. aff. myops from

the deep soil layer exhibited a significantly different Mt I/Cth width

ratio (t = 20.8, df= 32, P < 0.001, Fig. 2).

We compared P. myops from screes and P. aff myops from the

deeper soil layers with the closely related Porrhomma pygmaeum. This

species is epigeic and pigmented, with fully developed eyes. Both

morphotypes of P. myops were distinguished from P. pygmaeum by

reduction of the eyes (Table 1). Furthermore, there was a significant

difference (/ = 31.6, 55, P < 0.001) in the Mt I/Cth width ratio

between P. myops and P. pygmaeum (Table 1). Porrhomma myops

inhabiting scree exhibited relatively longer metatarsi of the first legs.

We interpret this adaptation as a troglomorphism. There was a

significant difference (t = -9.3, df = 31, P < 0.001) between the

cephalothorax width of P. aff myops and P. pygmaeum (Table 1).

Porrhomma aff myops inhabiting soil exhibited a smaller cephalo-

thorax, which we interpret as an edaphomorphism.

Previously Ruzicka (1996) documented the occurrence of two other

troglomorphic species in underground spaces (fissure caves, talus

caves) in a decaying gneiss massif Specifically, Improphantes

improhuhis (Simon 1929) inhabited the spaces at depths of about

0.5-5 m, and Porrhomma egeria Simon 1884 inhabited spaces at

depths from 5 to 10 m. In this study, we documented the occurrence

Mt. I (mm)

Cth. width (mm)

Figure 1
.—Relationship between the cephalothorax width and the

length of metatarsus I in Porrhomma microps. Specimens from leaf

litter (full circles); specimens from soil (open circles).

of two microphthalmous species from the genus Porrhomma in the

soil profile.

The leg elongation is characteristic for invertebrates inhabiting

subterranean habitats fashioned by spaces larger than their body

dimensions. It has been documented in a series of closely related

cave spiders from the genus Troglohyphantes (Deeleman-Reinhold
f

1978), in a series of cave spiders from the genus Nesticus (Kratochvil

1933, 1978), in two linyphiid subspecies Bathyphantes eumenis

buchari (L. Koch 1879) and Wuhanoides uralensis lithodytes

Schikora 2004 (Ruzicka 1988, Schikora 2004), in subterranenan

populations of Lepthyphantes improbulus Simon 1929, and Theonoe

minutissima (O. Pickard-Cambridge 1879) (V. Ruzicka 1998). Leg

elongation has been also found in Sclerobuninae harvestmen from

deep stony debris (Derkarabetian et al. 2010). J. Ruzicka (1998)

documented a gradient of increasing length of body appendages

from epigean - to rock debris dwelling - through cave-dwelling

species of Choleva (Coleoptera).

The interstices in the deeper soil layers are of comparable

dimensions to invertebrate body dimensions, and body diminution

(compared with their epigean relatives) is characteristic for soil

inhabitants. In addition to the troglomorphic P. myops, we found

edaphomorphic P. aff myops. Since the specimens of P. aff myops

were collected at similar depth throughout the season, we consider the

population of P. aff myops to be a permanent soil dweller sensu

Hunger (1983).

Mt. I (mm)

Figure 2.—Relationship between cephalothorax width and length

of metatarsus I in Porrhomma myops (specimens from screes and

caves, full circles) and Porrhomma aff myops (specimens from soil,

open circles).
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SHORT COMMUNICATION

Spiral and web asymmetry in the orb webs of Araneus diadematus (Araneae* Araneidae)

Samuel Zschokke: Section of Conservation Biology (NLU), Department of Integrative Biology, University of Basel,

St. Johanns-Vorstadt 10, CH-4056 Basel, Switzerland. E-mail: samuel.zschokke@unibas.ch

Abstract. Most orb webs are vertically asymmetric with the hub above the geometric center, even though the basic

structure of orb webs with concentric sticky spiral loops implies a round shape with the hub in its geometric center. Spiders

are known to modify the basic, round web structure to achieve asymmetric webs by placing the sticky spiral loops

eccentrically around the hub and by inserting partial sticky spiral loops below the hub. In addition, spiders could increase

asymmetry with larger spiral spacing below the hub than above. In the present paper, I analyzed these web modifications

quantitatively in webs of Araneus diadematus Clerck 1757. In addition, I assessed the influence of gravity on the different

web modifications during web building by laying some webs horizontally during auxiliary and/or sticky spiral building, and

I also assessed how the web modifications affected each other during web building. I found that web orientation during

auxiliary spiral building influenced auxiliary spiral eccentricity, which in turn had an impact on sticky spiral eccentricity

and overall web asymmetry. Web orientation, together with web asymmetry and spiral ratio, during sticky spiral building

only infiuenced spiral spacing asymmetry. I conclude that A. diadematus uses the auxiliary spiral as a guiding line during

sticky spiral building and that it applies different rules to build the two spirals.

Keywords: Gravity, hub displacement, up-down asymmetry, web architecture, web building

Most araneoid orb-web spiders build vertically asymmetric webs, in

which the capture area below the hub is larger than the capture area

above the hub (e.g., Mayer 1952; Witt & Reed 1965; Risch 1977; ap

Rhisiart & Vollrath 1994). Empirical and theoretical studies suggest

that this vertical asymmetry is mainly an adaptation to the spider’s

prey capture behavior, and that it reflects the spider’s ability to run

downwards faster than upwards (Masters & Moffat 1983; ap Rhisiart

& Vollrath 1994; Coslovsky & Zschokke 2009; Maciejewski 2010;

Nakata & Zschokke 2010; Zschokke & Nakata 2010). Even though

the vertical asymmetry probably has this common cause in all orb

webs, the degree of asymmetry varies greatly between and within

species (e.g., Witt & Reed 1965; Risch 1977; Heiling & Herberstein

1998; Bleher 2000; Kuntner et al. 2008).

The basic structure of orb webs consists of radial threads that

converge at a central point (= hub; Zschokke 1999), around which a

sticky thread is placed in concentric spiral loops, forming the capture

area (Zschokke 2002). Such a basic web structure implies a round

capture area with the hub in its geometric center, as it is indeed found

in the ancestral horizontal cribellate orb webs (Wiehle 1927).

However, as stated above, the more common vertical ecribellate orb

webs, which are the focus of the present study, show a vertical

asymmetry. Consequently, in these webs there must be modifications

to the basic, round web structure that lead to the observed

asymmetry.

The modifications to the basic round web that spiders are known to

employ include asymmetrically placed (eccentric) sticky spiral loops

(Mayer 1952; Witt & Reed 1965) as well as partial sticky spiral loops

below the hub (Reed et al. 1965; Witt & Reed 1965; ap Rhisiart &
Vollrath 1994). In addition, spiders could build webs with larger

average spiral spacing below rather than above the hub to obtain

asymmetric webs. Until this study, it was unclear to what extent

spiders employ these modifications in their orb webs.

All orb web spiders build their webs in the same ordered steps

(Wiehle 1929; Coddington 1986). After completing the frame and the

radii, the spider builds the widely meshed, non-sticky auxiliary spiral

starting near the hub and then proceeds outwards. In the A.

diadematus web, the auxiliary spiral usually has no U-turns (Zschokke

1993). After completing the auxiliary spiral, the spider turns around

and starts building the sticky spiral from the periphery inwards. In the

A. diadematus web, the sticky spiral usually contains several U-turns,

most of them at the web’s periphery (Mayer 1952; Zschokke 1993).

These U-turns lead to partial sticky spiral loops, in most cases in the

web’s lower part (Eig. 1).

As most orb-web spiders lack acute vision (Land 1985), they must

follow non-visual cues during web building. These cues include

gravity and the position of earlier laid threads in its vicinity (Peters

1937; Peters 1939; Reed et al. 1965; Witt et al. 1968; Krink & Vollrath

1997). Gravity influences the geometry of the spirals (Vollrath 1986,

1988a). In particular, when there are no gravitational forces parallel

to the web plane during web building, spiders build round webs

(Mayer 1952; Witt et al. 1977; Zschokke 1993). In addition, the

position of threads laid earlier during web building can influence the

position of threads built later (Konig 1951). As an example, coiling

and shape of the auxiliary spiral in A. diadematus strongly influence

coiling and shape of the sticky spiral (Zschokke 1993).

In the present study, I describe the modifications to the basic

round web in the webs of A. diadematus in detail and assess their

contributions to web asymmetry. In addition, I consider the influence

of gravity on the different web modifications and on web asymmetry,

and describe the relationships among these modifications during web

building, (i.e., how do these modifications influence each other?)

METHODS
Second year juvenile and sub-adult A. diadematus (males and

females) were kept under laboratory conditions (14:10 h L:D, 24±
2° C, 45-55% RH) in Plexiglass frames (30 X 30 X 5 cm). The webs

generally had a normal (vertical) orientation during web building, but

in order to determine the effects of web orientation (vertical

vs. horizontal) during web building, I laid some of these webs

horizontally during various phases of spiral building: (i) auxiliary

spiral only {n = 8), (ii) sticky spiral only (n = 5), or (iii) both auxiliary

and sticky spirals (n = 9). These webs were compared to control webs

(n = 31) that had a vertical orientation throughout web building.

The completed webs were photographed against a dark back-

ground (Zschokke & Herberstein 2005) and the x, y coordinates of the

positions of all spiral attachments to one radius at each side of the

web (top, left, bottom and right) were entered into the computer with

a digitizing tablet for further analysis. The coordinates of entire loops
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Figure 1
.—Auxiliary spiral (bold gray) and sticky spiral (black) in

a representative web of A. diadematus. Partial sticky spiral loops (in

the web’s lower part) are drawn as bold black lines. The cross marks

the center of the hub.

(i.e., loops without a U-turn) of both spirals were converted into a

series of ovals of corresponding shape (Fig. 2; Mayer 1952; Zschokke

1993). For all ovals, I calculated the average diameter (width +

height)/2 and the vertical eccentricity. As a measure for the vertical

eccentricity, I used the ratio (upper-lower)l(upper+lower), where upper

was the distance between the hub (H in Fig. 2) and the top of the oval

(B), and lower was the distance between the hub and the bottom of the

oval (E). Spiral loops with the hub in their geometric center thus had

an eccentricity of 0.0, and spirals loops with the hub above the center

had a negative eccentricity.

For each web, I determined the range of diameters where the two

spirals overlap and discarded the ovals outside that range in order to

focus on those sticky spiral loops, whose eccentricity is not increased

by the partial sticky spiral loops in the lower part of the web (bold

lines in Fig. 1; these partial sticky spiral loops are mostly placed

outside the auxiliary spiral, Zschokke 1993). From the remaining

ovals, the average eccentricity was calculated for both the auxiliary

and the sticky spirals, yielding the values auxiliary spiral eccentricity

and sticky spiral eccentricity, respectively.

In addition, I counted the number of sticky spiral loops and

calculated the average sticky spiral spacing along an entire radius at

the top and at the bottom of the web. For these parameters, as well as

for the outermost sticky spiral loop, I calculated the asymmetry in the

same way as above, [i.e., (upper - lower)/(upper -i- lower)], yielding the

values of sticky spiral ratio, spiral spacing asymmetry, and web
asymmetry, respectively. Note that web asymmetry (like hub

asymmetry sensu Blackledge & Gillespie 2002) is based on the

position of the hub relative to the outermost sticky spiral loop,

whereas the similar metric hub displacement (sensu Kuntner et al.

2008) is based on the position of the hub relative to the web frame

(Kuntner et al. 2010). Web asymmetry here is used in the same way as

in Zschokke (1993) and Coslovsky & Zschokke (2009), whereas

Blackledge & Gillespie (2002) used the term web asymmetry index to
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Figure 2.—Schematic drawing of a web to visualize the assessed

sticky spiral modifications from round, symmetric webs. The cross

marks the center of the hub (FI). The sticky spiral is drawn as a fine

gray line. The dotted line is the oval corresponding to the sticky spiral

loop shown in black; its eccentricity can be calculated as (HB - HE)/

(HB + HE). Upper and lower spiral spacing were calculated by

dividing the distance between the inner- and outermost sticky spiral

loops (AC and DF respectively) by the number of spaces between

sticky spiral loops along that radius. Web asymmetry was calculated

as (HA - HF)/(HA -(- HF).

quantify web shape (deviation of the outermost sticky spiral from a

circle). All measures were normally distributed (K-S normality test,

P > 0.75).

Deviations from 0 of web asymmetry and of the modifications were

tested with a one-sample t-Test. The influence of web orientation

during auxiliary and sticky spiral building on web asymmetry and

on the modifications was tested with 2 factor ANOVAs without

interaction. Presented are the Fisher’s PLSD post-hoc P-values. I

calculated these statistics using StatView v. 5.01 for Macintosh.

During web building, spiders can rely on earlier laid threads and on

gravity to determine where to place their next thread. In order to

determine whether prior existing threads or gravity affect the web
modifications, I used the PC (Pure Clusters) algorithm of the program

Tetrad (Glymour et al. 2009) to develop a causal model. Causal

models can be used to determine causal relationships even when the

variables covary, which was the case in the present study.

It is important when developing a causal model that prior

knowledge be defined, (i.e., information on which causal relationships

are possible, and which are not possible.) In the present case, some

causal relationships could be excluded based on the sequence of

events since later events cannot influence earlier ones. This prior

knowledge is entered by putting the variables into tiers, whereby

variables in one tier can only be influenced by variables in the same or

in earlier tiers. I placed web orientation during auxiliary spiral

building and web orientation during sticky spiral building in the first
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asymmetry spiral spiral spiral spacing

eccentricity eccentricity ratio asymmetry

Figure 3.—Average values (± standard deviation) for web asymmetry and for the different web modifications in webs of A. diadematus. Solid

symbols represent webs that were in a normal (vertical) orientation during auxiliary spiral building. Open symbols represent webs that were in

a horizontal orientation. Symbol shape indicates web orientation during sticky spiral building (square = vertical, diamond = horizontal).

*** denotes a significant deviation of control webs from zero (one-sample t-Test, n = 30, F < 0.0001).

tier and defined them as independent of each other. Auxiliary spiral

eccentricity was placed in the second tier, and defined as not being

influenced by web orientation during sticky spiral building. I placed

web asymmetry in the third tier because web asymmetry is defined by

the outermost sticky spiral loop, which is placed first. Finally, the

remaining variables (sticky spiral eccentricity, sticky spiral ratio, and

spiral spacing asymmetry) were placed in the fourth tier. The resulting

causal model was then tested with LISREL (Joreskog & Sorbom
2004) using the maximum likelihood method.

RESULTS
Control webs (i.e., those built entirely in a normal orientation) had an

average web asymmetry of -0.167, implying that the hub was placed

above the geometric center of the capture area (Fig. 3). Similarly,

auxiliary spiral eccentricity, sticky spiral eccentricity, and sticky spiral

ratio were all significantly negative. In contrast, spiral spacing

asymmetry, while on average negative, did not significantly differ from

zero. These results suggest that sticky spiral eccentricity and sticky spiral

ratio are the main direct contributors to the observed web asymmetry.

Web asymmetry and all modifications except spiral spacing

asymmetry were influenced directly or indirectly by the web
orientation during auxiliary spiral building (Table 1). As expected,

asymmetries were more pronounced in webs with vertical orientation

during auxiliary spiral building (Fig. 3).

The web orientation during sticky spiral building had a significant

influence only on spiral spacing asymmetry (Table 1). Interestingly,

however, the influence of the orientation during sticky spiral building

tended to be opposite to that of the orientation during auxiliary spiral

building: a vertical orientation during sticky spiral building tended to

reduce web asymmetry and its modifications. This means that the

webs with the strongest asymmetry were those in a vertical orientation

during auxiliary spiral building and in a horizontal orientation during

sticky spiral building.

The PC search algorithm of Tetrad yielded a causal model that

suggested that web orientation during auxiliary spiral building

influenced auxiliary spiral eccentricity, which in turn influenced

sticky spiral eccentricity and web asymmetry. Web asymmetry

influenced sticky spiral ratio and both, along with web orientation

during sticky spiral building, influenced spiral spacing asymmetry

(Fig. 4). The analysis of this causal model with LISREL showed that

all these relationships were significant.

DISCUSSION

The results of the present study showed that orb web asymmetry in

A. diadematus is largely determined during auxiliary spiral building.

In particular, web asymmetry and sticky spiral eccentricity were

largely determined by auxiliary spiral eccentricity, but were not

influenced by gravity during sticky spiral building. These results

Table 1
.—Influence of web orientation during auxiliary and sticky spiral building on web asymmetry and the modifications in the web leading

to the web asymmetry in A. diadematus. A = mean difference between webs laid horizontally and webs in the normal (vertical) orientation during

auxiliary spiral building and sticky spiral building respectively; P values = PESO post-hoc values from a two-factor ANOVA without interaction.

Web asymmetry

Auxiliary spiral

eccentricity

Sticky spiral

eccentricity

Sticky spiral

ratio

Spiral spacing

asymmetry

Influence of web orientation during

auxiliary spiral building

Influence of web orientation during

sticky spiral building

A = 0.085

P ~ 0.0061

A = -0.057

P = 0.0764

A = 0.115

P < 0.0001

A = 0.014

P = 0.4652

A = 0.106

P < 0.0001

A = 0.033

P = 0.1237

A = 0.046

P - 0.0359

A = -0.010

P = 0.6629

A = 0.020

P = 0.3679

A = -0.093

P s 0.0002
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Figure 4.—Relationships between treatments (rounded rectangles) and web modifications leading to web asymmetry in A. diadematus. Arrows

indicate inferred causalities, numbers indicate linear coefficients, and width of arrows as well as asterisks indicate the strength of the relationship

(expressed by P-values: * = P < 10~^ ** = />< 10“‘° *** = p < Model statistics: df = 13, r = 103.5, P < 0.0001.

confirm that the auxiliary spiral is used as a guide during sticky spiral

building in A. diadematus (Witt et al. 1968; Zschokke 1993).

A vertical orientation during sticky spiral building reduced the sticky

' spiral spacing below the hub. It is possible that such a reduced spiral

spacing along the web’s lower edge is an adaptation to prevent tumbling

prey insects (Eberhard 1989; Zschokke et al. 2006) to fall out of the web
since areas with small sticky spiral spacing retain prey better (Blackledge

& Zevenbergen 2006). Prey tumbling occurs only in vertical webs;

therefore, it makes sense that a vertical web orientation during sticky

spiral building induces reduced spiral spacing in the web’s lower part.

The web orientation during building of frame and radii was not

tested in the present study. Since the hub position relative to the web

j

frame is established during frame building, it is likely that the web

I

orientation at that stage also determines the hub position relative to

i the frame.

I

In the present study, gravity was shown to exert a big influence

during auxiliary spiral building, whereas its influence during sticky

spiral building was limited to spiral spacing asymmetry. Interestingly,

earlier studies with the same species gave contrasting results. Webs
built during vertical rotation, (i.e., in which the direction of gravity

constantly changed during web building) had normal auxiliary spirals,

implying that gravity has little influence on auxiliary spiral building. At

the same time, these webs had a somewhat to very much disturbed

sticky spiral (the degree of disturbance depended on the speed of

rotation), suggesting that gravity has a large influence on sticky spiral

building (Vollrath 1986, 1988a). Consequently, it is difficult to draw
firm conclusions about how the spiders use gravity as an orientation aid

during spiral building. All that can be concluded is that the studies by

Vollrath and the present study strongly support the hypothesis that the

two spirals are built according to different building rules (Vollrath &
Mohren 1985; Vollrath 1988b). Furthermore, I suggest that the results

of the present study can be used to better analyze the behavioral rules

:

A. diadematus follows during spiral building.

To conclude, the results of the present study confirm that in A.

diadematus, the gravity determines the asymmetry of the auxiliary

spiral, that the auxiliary spiral is used as a guide during sticky spiral

building and that the spider uses different behavioral rules to build

the two spirals. In addition, the present study has shown that the

vertical asymmetry of A. diadematus webs is achieved by eccentrically

placed sticky spiral loops and by partial sticky spiral loops in the

lower part of the web, but not by a larger sticky spiral spacing in the

lower part of the web.
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